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PHYSICS

UDc 621,375,826

HIGH-PRESSURE WIRE-TRIGGERED PULSED 00, LASER
Moscow KVANTOVAYA ELEKTRONIKA in Russien Vol 6, No 2, Febp9pp 267-273

[Article by B, F. Gordiyets, B. Kosma, A, G, Sviridov and N. N, Sobolev,
Physics Institute, imeni P, N, Lebedev AN USSR (Moscow), submitted 24 Jan 78]

[Text] A design is described of & wire-triggered CO, laser operating in a

wlde range of pressures (up-to 3 atm), Diacharge and laser radiation char-
acterlstics have been investigated experimentally. On the basis of the the-
oretical model of kinetic processes, the laser action characteristics are
Predicted over a wide range of discharge parameters. The theorstical results
obtained are in good agreement with the experiments,

1. Introduction

In recent years, a great number of papers (see, for example, [1] ) vexe
dedicated to the development and investigation of various designs of pulsed
CO, lasers with transverse discharge. This is due to the fact that this makes

1t possibls to obtain large unit povwers of laser infrared radiation, high
power and efficlency at high pressures of active medium by comparatively sim-
Ple means.

At present, there are high-pressuve pulsed 002 lasers in which discharges are

used with needle-shaped electrodes [2], double transverse discharges and dis-

' charges with prelonization by ultraviolet radiation [4].

Interesting and comparatively simple is the design of a laser with preioniza-
tion by means of additional wire electrodes (5], Preliminary investigations
[6] indicated & promising outlook for using this type of discharge at pres-
sures higher than an atmosphere, Until now, however, a detailed analysis of
the operation of this type of laser has not been made.

" The goal of this paper is to make an installation with a stable pulsed glow

discharge triggered by wire electrodes at pressures higher than an atmosphers,

1l
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as well as to obtaln and. investigate in detall the optimal modes of laser
generation at a wavelength of 10.6 microns in & mixture of 002+-N24-He.

Experimental data were compared to theoretical results,
2, Description of the Installation

Flg., 1 shows an arrangement of a discharge chamber. Aluminum electrodes 1
are placed in tube 2 made of vinyl plastic. The internal diameter of the
tube is 8 cm and it is 60 cm long, Electrodes of the Rogovskiy shape, 43.5
cm long, are placed symmetrically with respect to the tube axis 1.4 em from
each other. Two tungsten wires 11, 0,2 mm in diameter, were stretched paral-
lel to the electrodes equal diatances from the axis (about 2 om) for doing
the prelonozation, NaCl plates 3, 0,8 cm thick, are installed at Brewster's

- angle at the ends of the chamber. When investigating the discharge, the cham-
ber was placed in an optical resonator 120 cm long, formed by a mirror with
a gold coating on a quartz substrate with a 170..cm radius of curvature and a
flat mirror made of germanium on which & dielectric was sprayed so that its
coefficlent of reflection was about 80 percent.

Voltage was applied to the chamber electrodes by a Marx generator consisting
of five sectlons, each ccntaining a capacity C =0.022 microfarads. The charg-
ing voltage of the capacitors of each section varied from 7 to 15 kv which
made it possible to discharge from 2.7 to 12,3 joules, i.e., 0,067 to 0,29
Joules/cm3. The use of a Marx generator provided a five-fold multiplication
of the charge voltage, increasing thereby the front steepness of the puncture.
The ends of the wires providing prelonization were connected to the cathode
through two capacitors of 470 picofarads each.

To determine the power introduced into the discharge, discharge current pulses
and electrode voltages were recorded in each experiment, This was done by
means of an OK-17 two-beam oscillograph, which was shielded by a Faraday type
metal cage. The current pulse was taken off a noninductive resistance shunt,
while the voltage pulse was taken off a voltage divider containing a high ohm
reslstance and & matched RD-75 cable.

The shape of the pulse generation was recorded by a PEPI-1 modified pyroelec-
tric receiver and an NK-17M oscillograph, which were also located in the
Faraday box. A pulse was sent from the current measuring shunt to the second
channel of the oscillograph so that 1t could measure the delay in the starting
of the pulse generation with respect to the start of the current pulse, and
determine simultanecusly the time characteristics of generation and current
pulses,

3. Results of Discharge Investigation
Durations of current and voltages pulses of the discharge did not exceed about

0.3 microseconds. The maximum electrode voltage (about 20 kv) coincided ap-
proximately in time with the current maximum (about 0.75 ka). An analysis

2
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Fig. 1. 'Design of the laser chamber

1. Electrodes 7. Flanges
2, Vinyl plastic tube 8. Detent for the NaCl plate
3. NaCl plate installed at Brewster's 9. Hole for admitting gas
angle
k. Plexiglass coupling 10, Holder for prelonozing wires
5. Pins for supporting electrodes 11, Tungsten wires for preionig-
) ing gas

6. Rubber lining

of current and voltage indicated that the time relationship between field in-

tensity E and current density j under our experimental conditlons may be ap-
proximated by empirical formulas

E= By (1 —em™) e=, [ o o (1 e=mt) =t (n

where the exponent of the indicators depend strongly on the distance between
the electrodes and weakly on the compositions of the mixture, while jo and E%

are unambiguously related to experimental peak values of current and voltage
jfl and E" . -
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Fig. 2. Relationships between peak values of the electric field E, (1),
current density j, (2), reduced intensity E%/N (3), effective temperature
T: (4) and concentration ng (5) of the dlscharge electrons, as well as the
relationship between Qp/Qc (6) and total gas pressure p.

1. kv/em 3. atmosghere B
2, electron volt 4, v, cm :

In all the experiments, the value of the cross section of the discharge, used

- {  1in calculating the current density, was determined by the boundaries of the

: : discharge trace, remaining on the electrodes after prolonged operation of the
laser, and was about 30 cm (length of discharge 43 cm and width 0.7 cm),
The results of processing the oscillograms made it possible to obtain data on
: the values of Enand j, , as well as to calculate the relationship between the
i total energy put into discharge -
Q= | rwar,

0

and energy QG’ stored in the capacitor of the Marx generator. This data is
shown in Fig. 2 for mixture 0021 sz He=1:10.5:6,75 and Qc=0.13 Joules/cmz.

Thls figure shows the relationship between the reduced field intensity
E%/N(N is the total number of gas particles per unit volume) As may be seen

4
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from Fig. 2, raising the pressure from 1 to 2.6 atmospheres leads to a linear
inerease in E n o While Jn decreases with pressure, In reglon p ¢ 2,6 at-

mospheres, the value of Q,p/t;),c 1s proportional to pressure and at =3 atmos-

pheres reaches about 89 percent, As the voltage on the capacitors inoreases,
Pressure Py at which parameters B,y Jp and Qp Qc‘a.re saturated, inoreases.

This makes it possible by increasing capacitor voltage, to obtain a uniform
discharge at all higher pressures. .

e

The value of E/N determines the effective temperature T, of the disdharge

electrons and their drift veloocity v . It follows from numerical calcualtions
(7] that T, (E/N) may be approximated to good accuracy by the formula

Te=AEIN+B, h @

where A is a constant depending on the composition of the mixture (for mixture
COZ+ Nyt He=219, A=0,52x1016 electron volt/voltxem; B is the gas temperature,

electron volt, ‘It follows also from [7] that for a broad class of mixtures
002+N2+Ee the drift velocity is

Ve (125109 EIN+27.5) kde, @

Knowing the drift veloeity of electrons and the current dénsity, it is possidle
to find electron concentration ng which, together with Te’ determines the ener-

8y imparted to the N, and C()2 moleculest
ne==6,25¢ 1012//(1, 25 | gt EIN$-2,75), - (4)4

Flg. 2 shows the relationships between the peak values of Té’ and ng in the

pulse and the gas pressure found from (2) and (4). As seen from the figure,
the values of Tg and ng in the investigated pressure areas are found in the

area of 0,9 electron volts and ’vaioﬁc:m'3 respectively, We will note that
Eq, T g and ng correspond to the moment of time when the current reaches

maximum (peak) value. The relationship obtained of E, /N and the total gas

pressure P 1s different from the one clted for pressures 0.1 to 1.0 atmos—
pheres in [8]. A reduction in the value of Ep/N with a reduction in pressure

within the limits of 1.75 to 1.0 atmospheres is due to the strong ionization
of the gas under these conditions, attested to by the high value of ne" « In

’
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this case, strongly luminescent plasma Jjets are formed on the cathode sur-
face, the lengths of which inocrease in the direction of the anode with pres-
sure reduction in the discharge chamber; at pressures less than 0.75
atmospheres, the discharge changes to an arc discharge. Due to strong gas
lonization, the peak value of electric fleld E; decreases faster with a re-

duction in gas pressure than in the usual case, when the volume between basic
electrodes 1s filled with uniform diffusion glowing discharge. This leads
not to an lncrease, but to a decrease of E”/N with the reduction in pressure.

L, Relationship Between the Energy of the lLaser Pulse and Pressure and
Accumulated Energy

We investigated the relationship botween the energy of the laser pulse and the
pressure at varlous values of accumulated energy. Experiments were conducted
with a mixture 002|N2He=110.516.75 in a pressure range of ! to 3 atmospheres

and unit energles Qc=0.067 to 0.29 joules/cm3 when changing the charge voltage
- of one section V from 7 to 45 kv/section‘

the form of curves., It may be seen that the relationshlp between the radia-
tion pulse energy and the pressure has a maximum, the position of which shifts
to the slde of greater pressures when the energy on the accumulating capaci~
tors increases., Starting with Qc 2 0.13 Jjoules/cm3, we did not reach the

maximum of Eﬁzl with respect to the pressure because the strength of the

The results are shown in Fig. 3 in

discharge chamber did not permit the creation of a pressure higher than 3
atmospheres.,

It 1s well known that organic admixtures that have small lonization potentials
may change the discharge characteristics [9]. To clarify the effect of such
an admixture on the enérgy of laser radiation, we took an n-xylylol, which has
an lonization potential of 8.44 electron volts and a transparency opening of
10 to 11 microns [10]. It was added to a working mixture of CC&4~N2+-H3 gases

by passing this mixture or one of its components through a cuvette filled
with saturated vapors of n-xylylol at room temperature.

In the presence of n-xylylol the discharge becomes visually more uniform and
the radlation energy at QC;3 0.13 joules/cm3 increase 1.5 to 2 times, At
large additions of n-xylylol (when the mixture was passed through a cuvette
with 1ts vapors) laser generation did not originate.

5. Investigafion of Discharge Characteristics and Laser Radlation. Compari-
oson of an Experiment with Calculation

We wlll consider a theoretical model of a pulsed co2 laser we used for the
physical interpretation of the experimental data.

6
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) ' Fig. 3. Experimental relationship between unit output radiation energy Eize
' and the total pressure p and unit accumulated energy Qc

1. By, rr\*jot.xles/cm3 3. V, kv/section
2, atmospheres ‘ be Qy Joules/cmd

The baslic physical concepts of the mechanixm that provides for the inverse
population in CO, lasers were formulated in [11]. A system of kinetic equa-

tlons based on the introduction of partial oscillating temperatures [13]

was formulated in general form in [12] for relaxation processes of oscillating
 energy ln multiatom molecules within the framework of a harmonic oscillator

model. Our calculations were based on [12]. :

In view of the rapid energy exchange between symmetrical and unsymmetrical
modes of 002, At was considered that the energles of these modes are in quasi-

equilibrium with respect to each other. In kinetlc equations for oscillating
node energles, besides members that characterize the collision processes of
heavy partlcles, members were also introduced that describe the excitation
and deactivation of oscillations by electrons, while for asymmetric and sym-
metric COz modes -~ members that describe relaxation in the field of laser

radiatlon, For constant 8peeds of excitation of CO2 and N, oscillations by
electrons, analytical approximations of quantitative data [7] were selectad,

T
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Effective temperature 'I‘e and concentration ne of electrons, necessary for
cla.lculating velocltles of excitation, were determined from formulas (2) ana
Bquations of oscillating relaxations for GO2 and N2 written in this manner

were solved on a computer jointly with equations for gas temperature and
density of laser radiation flow within the resonator, In this case, new
refined data for constant collision relaxation [14], probabllities for spon-
taneous radiational transition 001-100 to CO2 and the widths of the lines

for a shock mechanism of widening [15] were used,

.Fig. 4. Typical time characteristics of discharge (a), active mediunm (v) ana

laser radiation for mixture COZ|N2H3=1x2113: pressure p=3 atmospheres at QG=

0.13 joules /cm3 + C -- gas temperature T and oscillating temperatures Tg. TOOi
1
‘1‘100 of nitrogen molecules, asymmetric and deformation modes of 002 molecules

in generation mode (solid linesl and amplification mode (broken 1line);. d --
generation power P and amplification coefficient in generation mode ?aolid
1line) and amplification mode (broken 1ine).

8
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Fig. 4 (oontinued)

1. J o.mp/om“2 kL, Ty eleotron volts
2, B, kv/om 5, P, relative units
- 3 Ty electron volts 6. t, mloroseconds

Fig. 4 shows the approximate time relationships E, 3, Q’/Qo and B/N obtained

on the basls of current and voltage oscillograms and formulas (1), This
figure also shows time relationships ng and Te obteined on the basis of ex-

perimental data and formulas (2) and (4), Using paper [7] and the values of
n, and T o shown in Fig, 4b, we found the gas and osocillation temperatures,

indicators of osoillation and the power of generation. The results of each
experiment were processed in this manner,

However, the basin attention in this paper was devoted to studying the effect
of the discharge parameters on the energy of the radiation pulse, The great-
est radliation energy is obtained at equal pa.rtialA prassures of Nz and 002.

An increase of Eizl with pressure is due to two factors: an inorease in the
energy of Qp. put into the discharge, and an increase of energles of.Qﬂz and

QOOi' put into Nz oscillations and the asymmetric mode of 002. The relation-

ships between pressure and ratios %01/%' QNZ/QP (Qy0* %10)/ % (de‘qoio

is the energy used for exciting the symmetrical and the deformation modes of
002). as well as the efficiency of laser generation are shown in Fig. 5. The

increase of energy, put into oscillations, with pressure is due, in its turn,
to an increase in the field intensity um/r: in the area of 1 to 2,75 atmos-

pheres (see Fig. 3), leading to an increase in the velocity of oscillation
excitation,

Fig. 6 shows the relationships between the unit energy of laser excitation in
the pulse and the unit acoumulated energy for mixture co, mzal{e81105:6.75 at

a total pressurs of 3 atmospheres. Here alsc the theory agrees well with the
experiment, It was impossible to reach e:srgy inputs greater than about 0.3
Joules/cn? because for Qg2 0.3 Joules/on’ the voltage applied to the capac-

itors reached values close to the allowed maximum,

A calculation of laser paramsters of up to Q = ;Joules/cm3 was rade to olarify
the possibilities of raising Ej,q+ It may be seen from Fig. 6 thai maximum
energy in the Pulse E, ,=0.045 ,‘]oules/c:m3 is reached at Q,71.1 Joules/on?,

A reduction of Eizl for a further increase in Qc is due to an increase in

the population of the lower laser level due to an increase in gas tenmperature
Tg. This leads to an increase in the residual energy of oscillations "2 and

9
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an asymmetrioal mode of 002. 1.6,y Lo an oscillation energy which cannot be

transformed into radiation. Fig. 6 also shows the caloulated values of the
efficlency and gas temperature 5 microseconds after the start of the pulse
current, The reduction in efficlency with a reduction in Qo in the area of

small Qc is due to the approach to the threshold of generation,

Besides energy, investigations wers also made of the time characteristics of
pulse generation: delay time with respect to the start of the ocurrent pulse
and the total time 7, *. Delay time 47 is equal to the time after which the
amplifiocation coefficient becomes equal to losses, because the genexration
process can start only when they are equal, The relationship between Az’and
. energy in storing capacitors is shown in Fig, 6. The reduction of A7 with an
increase in Qo in region Q52 Joules/om3 ia due to an increase in the ampli-

- ficatlion coeffioient. However, at a further inorease in Qo. due to an in-

crease in the gas temperature, ol begins to decrease, which leads to an
increase in A7,

AT increases with an inorease of N, oontent, This is due to the faot that
with an inorease in the N2 content, the total energy that passes from the dis-

charge into the oscillating mode of Nz molecules increases and, at the same

time, the veloocity of its passage into the asymmetrical osclllating mode

of CO, decreases. Because of this, an increase of the unsaturated amplifi-
catlon coefficient ooccurs more slowly, which leads to a corresponding in-
crease in AT« Measured and caloulated versions of 4" (p) were found to be
small which 1s due to a reduction in the unsaturated amplification coefficient
vhen the pressure increases,

6. Conclusion

The developed installation described in this paper and the cited theoretical
and experimontal investigations of laser radiation characteristics confirm,
in our opinion, the promise of using a high pressure pulsed laser with

00, + N tHe mixture triggered by additional wire electrodes.

The feed system used (Marx oscillator) and the installation itself are very
simple and permit the obtaining of a stable discharge and laser generation
for various compositions of the working mixture within wide intervals of gas

easurcs (higher than an atmosphere) and energles in the storage capacitors
fctzc=o.067 to 0,29 joules/om?),

Laser radiation in the pulse (about 27 mjoules/cma) obtained experimentally
at p=3 atmospheres and Qc=0.29 Joules/cm3 is not the maximum possible. The

*Calculated value sz depends weakly on the initial effective power W of spon-

taneous ﬁdl tign on the laser transition. In our calculations, we used
W~ 10" H?o .

10
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Flg. 5. Galculated relationships between the efficiency of laser genexration
?=E151/QP (1) and ratios QO (2), QNZ/QP (3), QOOi/qp (%) and %10 QIOO)
/q, (5) and total gas pressure p(Qy =0.13 joules/cm) for mixtures GO, N1
He=110.25:5.62 (a) and 112113.5 (b).

i. atmospheres

Fig. 6. Relationships between unit output energy of laser radiation ¥ (1)
efficiency of laser generation 7 =B /Q (2), gastenperature T  (3) adl®
delay time4rof the generation pulse With respect to the start §r the current
start (4) and unit stored energy Q0
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experiment shows the possibllity of obtaining a stable discharge at higher
p and Q‘O' while the calculation shows that it is poseible,in f;fhis case, to

reach a radiation energy in the pulse Z 50 mJoulua/orrP. A conmparison of
the theory and the experiment shows also that the theoretical model of kinetic
processes in the laser pulse in mixture 002+N2+ He we used desoribes cor-

rectly and to a satisfactory acocuracy these processes in a wide range of dis-
charge parameter values,

7.
8.

9.
10.

11.

12,

13.

14,
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PHYSICS

UDg 621,378.33
ANALYSIS OF A CALGULATION MODEL OF THE PULSED CHEMICAL DF'-CO2 LASER
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 281-287

Artlcle by V. Ya, Agroskin, B. G. Bravy, G. K. Vasiliyev, V. I, Kiryanov,
stitute of Chemical Physice AN USSR (Moscow), submitied 10 Feb 78]

[Text] Computer caloulation has been performed of the characteristics of the
pulsed chemical DF‘-002 laser and the results have been compared with experi-
mental data. Separate descriptions of the kinetics of the chemical reaction and
laser action have been incorporated into the model., A correlation has been '
performed with the results of calculations obtained by other authors. The
analysis demonstrates that existing models do not achieve satisfactory agree-
m:nt with the experiment, The probable causes of the discrepancy are con-
sldered.

i, Introduction

Until now, a number of papers [1-4] have been written dedicated to the calcu-
lations of the pulse characteristics of a chemical DF-CO, laser with transfer
of oscillatlon-excited energy in a chemical reaction ﬁ‘oﬁ molecule DF to
molecule CO,, in which laser actlion occurs in band 0091-1090( A=10.6 microns).
In all papers,the analysis was made for mixture D,-F,-C0,-0,-(He), initiated
by a pulsed gas-discharge tube (only in [2] was tfie initgatgon assumed to be
instantaneous). In spite of the agreement noted between calculated and ex-
perimental values in them, it is impossible not to pay attention to certain
special features of these calculations, Thus, in [3], the constant of the
transmission velocity of oscillating energy from the DF molecule to the 002

a molecule was assumed to be 3x10~13cm3/sec, which is consideraly lower thaf
the value determined later.

To obtaln an agreement with the experiment, the author of [3] assumed the
constant of velocity attenuation of DF by DF to be lower than the value known
at present [8]. In paper [4], the numerical agreement with the experiment
was obtained by increasing the experimentally obtalned energy removal by 2.5
times, which the authors related to the single-mode operation of the laser,

14
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We will note that in all the caloulations made, a fastorﬂgxggange was assumed
botween the laser level and the deformation mode (ka 10-1Iend/aec [9]). Haw-
ever, thers 1s a number of papers [10-17, 51; in which the velooity constant

of this process 1s at least an order of magnitude lower (the spread can be

! even about two oxders of magnitude), We will note that the precise value of
thls constant is unknown at present [50]. Nevertheless, for mixtures strong-

: ly (greater than 20 times) diluted by an inert gas, at low full pressurs

; (550.3 atmospheres) the indeterminacy of the value of this constant, apparent-

) 1y, 1s not essential, which is attested to by good (with the exception of the

i near-threshold area) qualitative and quantitative agreement between the cal-

; culation and the experiment in [1]. However, such mixtures, from the stand-

: point of efficient tranaformation of the chemlcal reaction energy to generation,
i ' do not have great interest.

It was considered necessary to make a caloulation taking into acocount the
; latest data on relaxation and kinetic processes and compare it to the results
i of the latest experimental work. At the basis of the model considered in this
paper, unlike the one proposed earlier, lies a parametric caloulation of the
chemlcal reaction kinetios [18] with a subsequent caloulation of the charac-
teristics of generation and osoillation relaxation on a computer., Thereby,
as in experiment [19], we fixed the mode of the chemical reaction progress,
In this way we also achieved considerable simplification of the computer pro-
gram. Moreover, we varied the value of the constant of th» lower laser level
with a deformation mode. The aim was to achieve an undexstanding of the rules
; for the saturation of energy removal obtained in the experiment depending up-
: on the initiation in some compositions, the lack of saturation in others and
. an S-type relationship for still others [19]. as well as the relationship
between energy removal and the €O, concentration [19]. _We also considered
1t necessary to compare our calcuiation with that in [4].

Description of the Model

According to avallable experimental data [20-26] a photo-initiated chemical
reaction in Mixture Dz-Fé-coz-Oz-He proceeds according to arrangement:

0.F, 13 2r,

{. F+Dy~ DF-4D,
2, D+4-Fy~+ DF+F,
3. D+0,4-M~ DOy-M,
Dy-+0,
4. D4+DO, L20D
“D,04-0
5. F+0,-M == FO,-1- M,
6. F4FOy M« » F,0,+M,
7. F--FO, = Fy-+0,,
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where M 1s any molecule. The ta.ble shows the respective veloclity constants.
The efficlienoles of moleculee He, D,, F R 0 ’ 00 and DF in trimoleocular

rocesses of breaks 3, 5, 6 are assfined’ equal reepectively to 1y 2; 411
[?24 22,267y 4,5 [22] and ? [27]. Veloolty constancts of processes 3=7 are
‘assumed to be independent of the temperature [22-25]. .

The caloulation utilized the initial condition at which, from our point of
view, the most important experimental charasteristics of the chemlical reas-
tion and generation 519] were obtained. The composition of the mixture was
5% Do+ 5, 30% F, 0% C0,+0.5; 1.6% Op+ Hey the initial temperature

Ta 3601( and pregeure po‘i e%moepherea the degree of dissoclation of molecules
F, during the entire initlation pulse & = 0.to 5%, -

) R
(1) } T
IR x T Ayrepa:
= 9.3'
\"

1 13002000 1,6.10=10 exp (—1600 3

2 1300560 |1 5 10'“' e:g 5—2400‘1877:) 2:';2 L?%ﬂ

3| 300 |2:10-3, M= cusse [22—241

4 300 |~ 1.10-10 e 522&

6 300 10,8.10=32, M:aHe cu‘/e [25,26]

6| 300 [0.9.10-3, MesAr end/c| [26

7 300 <2 10-13 cude| (25
. " 1., Process 3. Litgrature
' 2, Dimension 'S /sec,

We will consider the role of the secondary processes of breaks in the chain
of the generation stage when the basic share of energy radiation is removed,
1.e., when the mixture temperature is still not too high (< 800K). It can

easily be shown that process 7 can be neglected, since for pa 1 atmosphere
its velocity is smaller by an order of magnitude than the velor 'ty of process
6, Under the conditions of the experiment, contributions of pr.imary process
of breaks 3 and Y are commensurate, In this case, as shown by evaluetione.
the role of the break process of chain 4, secondary with respect to process
3, although it must be considered, is nevertheless comparatively small, In
such a case, the xrole of process 6 compared to 5 1s still mor:: insignificant,
inasmuch as when it is reduced }g a bimolecular constant its velocitles at

p A 1 atmosphere are only 2x10- cm3/eec. which is about two orders of mag-
nitude smaller than the correeponding value for process 4, For this reason,
the contribution of process 6 can also be neglected. Naturally, for T3 800K,
to describe the kinetics of the chemical reaction, it is necessary to take
into account the processes of thermal dissoclation of molecules F,, as well
‘asprocesses with the participation of 0D and 0,0, whose role has 8till not
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been studled enough as yet, However, for the purposes of this investigation

this is not necessary and in the caloulation we will only take into acocount
procesaes 0~ 5*

As shown by analysis, the kinetios of the photo-initia.ted reaction in a DF-CO,
laser may be determined, as in an NF laser [187, by nondimensional parameters
4y & and up to'a temperature of T-T ~ B00K, taking into account the burning

out of the mixture, by equations: 0

2 ,-;%o-%)ex»[w* 9]

-%—5— ( 1(1) 5 (l+p—;‘—+—-o~A?t) m
d
_5. l+ll (1_—3-‘5?;)

where
“g (F 2)2 quEy
. = o=109 .
MRS S ity ¢ 8= OT0R X ki
3
éT—T JE,/RIZ) = Telative heating of the mixture; & =(D4F)/2u F,
3/2« F° ~- nondimensional concentrations of atoms DF and raaica.la

- Doz respectively; € = wt -- nondimensional time; (~'-- characteristic time
of the initiating pulse; /M-F/D-KZFZ/(kiDZ) -~ ratio of concentrations of
of atoms F'and D, 'y' =2 E2r~‘°/(c MRI'Z) -- nondimensional adiabatic tempera-
ture of the mixture; ki' k1 ~-- velocity of constants of the i-th process at
temperatures To and T respectively; Dz, Mi -- current concentrations of
molecules; M= EM ~- total concentra.tion of mixture; q -- bhermal effect

*#It should be noted that for a more than two-fold excess above the break

threshold §h9 it is poasible to limit oneself only with 0-3,5 and even
0-3 (see, Por example, [18].
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of reactlon; n=- share of reaction energy transformed into heat; R -- gas
constant) Ei -- actlvation energy of the i-th prooess; o, == average specific

heat of the mixture; I(«) =~ normalized form of the initiating pulse.

It is possible to obtain relationshipp( ) from (1) and the law for accu-
mulating DF molecules with time, As shown by calculation this law approxi-
mates with good preclsion the relation DF ~sexp £+ practiocally to full
burning out. The relationship obtained between & and initial values of A,b
has the same form as in [18]. We will note that if A and § are considered
constant in the course of the reaction, the value of §2 will differ by not
more than 3%.

The calculation was made for the form of the initlating pulse nearest to the
experimental [197s

Byet, PPN
1(t) =
® {ﬂ.exp(—r_). < T,

where P: ’ g -- gonstants; Tm-- time for reaching the maximum pulse intensity.

We will now consider the models for the generation and relaxation processes
(Fig. 1), considering that the reaction is developing according to the ex-
ponential law, The migration of energy from the oscillation-excited DF mole-
cules in the course of the reaction occurs in accordance with arrangement:

8. DF (v)+M—- DF (v—1)-+M,
9. DF (1)4-C04(00%)=DF (0)-CO,(00°1),
“wé c;:(:‘;,é2002+1~1 ~+CQ, (nm!0)+M,
. 1}4-hv = CO,
12. CO(10%) L CObam) zco,('((ul)?oofﬁ%',‘}bzoo;.
13. CO4(02%)1-M Z=CO, (1ml0)+ M,
14, CO,(0110)4-M —CO,(00%0)- M.

18
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g-ra'{ ™!

P "~ 00% £0, OF 0

Fig. 1. Energy arrangement of levels and transition between them for DF
and CO, molecules (03’0 should be read instead of 035 )

1. microns

© x,:n'/c‘ (8) ,

10 -1

0 By

0"

0" L L T S |

Fig. 2, Temperature dependence of the velocity constant,
kg(1) [5-7]s ky, for OF (2) [7,8]s Co, (3) [37-39] ana He (4) [40,417;
ky,, for DZA(5) [427]; He (6) and €0, (7) [42,44],

8. cm3/sec.
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Here, 8 -~ process of deactivation of the oscillation-excited DF molecule;
9 -~ process of energy eoxchange between DF and 00, molecules; 10 -- deacti-
vation of the upper laser level; 11 =~ process ofzgeneration; 12 -~ VV-ox-

- change between Ferml resonance levels 10°0-0290; 13 -- exchange between
Fermi-levels and the deformation mode; 4 -- process of VI-relaxation of the
deformation mode., Inasmuch as in the entire interval of temperatures for
all compositions of the mixture used [192 the process velocity 8 is smaller
by an order of magnitude than the velocity of process 9, we will neglect it.
Einstein's coefficient and shock half-widths for process 11 are taken from
[28-30], Process 12 is assumed to be rapid (kizfxaii‘ii on?/sec [31, 52]).

The veloolty constant of process 13 was varied within 10°10 to 11711 4n
accordance with data [10-1?, 51]. Temperature dependences of velocity con-
stants of processes 9, 10, 14 are shown in Fig., 2. Temperature dependence of
kyg for D, [32-35] at Tz 300K is taken similar to G0,. The value of kyo

for F2 1s assumed constant and equal to 6x10'14 oma/aec. The process of the
VT-relaxation of the deformation mode on molecules Fz and DF was not taken

into account (data for it is lacking). Also neglected were all relaxation
processes with the participation of atoms,

- In the calculated model, there were considered levels 00°0, 00°1, 10°0, 0200
and all levels of the deformation mode for which Boltzman's distribution with
- temperature, different from the temperature of the medium and determined by
the totallty of all relaxatlon processes, was assumed. VV-exchange between
DF and Co, molecules was considered in the approximation of a harmonic os-

cillator. The distribution of 002 molecules along the rotation levels was

considered in equilibrium with temperature, equal to the temperature of the
medium., Only the oscillation-rotation transition on of the 0001-1000 band

was considered in generation, inasmuch as, according to experimental data
[19], practically all generation energy (70 to 80%) is liberated in it. It
was assumed that the working modes of the resonator fill the volume of the
active medium entirely because the experimentally measured divergence of the
laser was about 15'., The length of the active gzone was taken as 0.9 meters,
of the resonator -~ 2 meters and the reflecting surfaces of the meters --
0.85 and 0.3 g19]. Volume loas?s in the active medium with a constant ab-
sorption coefficlent 7x10'4 cm” [45] were taken into account. Diffraction
losses were neglected. The power of laser radiation was calculated according
to velocity equations. ‘

Comparison of Calculated and Experimental Data

Fig. 3 shows the calculation results of the energy output of a laser depending
upon the initial 002 concentration in the mixture with the variation of the

velocity constant of the process 13. In the calculation, as in experiment
[19], the mode of the reaction process was recorded (Sl=const). The calcu-
lation, as may be seen from the figure, shows that the best qualitative
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agreement wiﬁh the experiment is observed only at very high values of k13

(~ 10~11 om 58%); the energy output increases monotonically with the in-
crease in (102 concentration to about 20~-30% and then practloally does not

change up to the full replacement of CD. by heliumi- A better quantitative
agreement is obtained at low values of ﬁiB (~ 10713 ond/zec),

eminfen® (1)

120

"

80

40

LTS S .!...--......E

v R ——
0 20 40 60 005,%

Fig. 3. Calculatéd relationships between unit eneggy output of the laser and
the (:02 concentration in the mixture for 52=1,4x100sec-1 for indicated values
of ky5"and experimental data [19]

1. rrgjoules‘/cm3

The relationship between energy output and the degree of dissociation of F‘2
molecules in various composition mixtures is shown in Fig, 4. It may be
seen that all relationships have thresholds and saturation (or trend to
saturation) atot~ 1%, which agrees qualitatively with the.experiment., Mix-
ture 10%D, + 30%F, + 59%002+ 1%0, 1s an exception for which there is not

even qualitative agreement. A reduction in k1 to 3x10-13cm3/sec for a
standard composition mixture (5%D2+ 15%1"‘2-!- 25%002-!- 1502+'5‘¥% He) leads to a

better quantitative agreement, nevertheless, calculated values of energy out-
put in this case are 1.5 to 2 times higher than the experimental. For a mix-
ture 5%D,+ 15%F, + 79.4%002+ 0.6%02'. this excess is 2 to 3 times. A notice-

able discrepancy between calculated and experimental data prompted us to com-
pare the results of the quantitative analysis with published data for equal

initial conditions. A calculation was made for this purpose of the relation-
-8hip obtained in [4] between energy output from the F, content in the mixture

2l
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Fig. 4.  Calculated values of unit energy output of laser and the degree of
dissociation of F2 molecules in a mixture of standard composition for k13=

10-;3(1)3 3x10713 (2); 10712 (3) and 10_11cm3/sec (4) and in mixtures
SADy+ 15KFy+ 59.4%C0,+ 0.6%0, (5), 10%D,~+30%F,+ 59%C0, + 1%0, (6); for
k13=3x10'13cm3/sec, as well as experimental relationships for standard com-

position mixture (7) and mixtures 5 (8) and 6 (9) [19].
10. m,joules/cm3

and full pressure, The value of K13 was assumed to be high (~ 10'“cm3/sec)

as 1f [4]. The comparison of results (Fig. 5) shows_an entirely satisfactory
agreement between our calculation and calculation [4], which shows the adequacy
of both calculation models, :

Discussion of Results

Based on the clted model, we will consider certain characteristic features of
the calculated relationships obtained. Thus, the effect of €(at ) saturation may

R be explaineéd by the fact that the moment of break in generation is due basic-
ally to the competition between the velocity of the chemical pumping up of -
the upper laser level, proportional [DF], and the velocity of its relaxation,
Proportional to exp [DF] This competition depends only on tle temperature
of the mixture which, at the moment of the break of generation according to
calculations, 1s about 900K and does not depend on & . This and all previ-
ous models do not explain the lack of saturation (S-shaped relationship in
Fig. 4). Moreover, it alsc does. not explain the relatively low temperatures
of the experiment at & < 1% [19]. Therefore, probably, the absolute val-
ues of calculated energy outputs are so high,

22

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0

FOR OFFICIAL USE ONLY

enlelen’ (1)

Fig, 5. Caloulated relationships between unit energy outputs of a laser for
o 20,15% and oz/s‘2=o.os and the F, content in a mixturs of composition of
10 nm of the meroury column of Dy+ Fy+ 60 mm of mercury columm of 00, (a)
and full pressure of a mixture of composition 10$b2+ 30%F,+ 60%00, (v),
(1[4], 2 -- this paper),

1, nUoules/enz 2, mm of mercury column

Calculations showed that absolute values of energy outputs depend strongly
on values of k”. with a better approximation to experimental values of ener-

gy outputs obtained at k1‘3~ ‘1'0-12_1‘0-13 on’/uc and not 10‘“/01\3!«: as
assuned in [1-4]. In favor of smaller values of this constant besides data
[10-14, 16, 17], is also the fact of.obtaining generation at transitions
1001 - 010 (2 =14 microns) and 020 - 01'0 (A%16 miorons) (46, 47].

The general conclusion, to which an analysis of the obtained calculated values
leads, may be formulated as follows. All models existing at present, in-
cluding ours, although they are able to oxplain certain qualitative rules
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for the behavior of a I)F‘-Qo2 laser characteristic do not, as a whole, agree
quantitatively with the experiment and do not explain certain qualitative
patterns, for example the S-shaped relationship of & () [19]. This may
be due to the inaccuracy of several relaxation constants, in » .loular,
k13’ ky,, and partly kg (for example relaxation 002(0001) on oscillation=-
exolited DF* molecules). Thus, if it is assumed that for DF"’kmN 1.0'11
om’/seo. then caloulated relationship (o) for a standard mixture also co-
inoides with the experimental quantitatively.

It 1s not ruled out that higher volumetric losses occur in a laser, depend-
ing on temperaturs in a complex manner, The divergence may also be due to

the imperfection of the kinetic model., For example, the model does not take
into account the chemical reaction between F, and CO, mentioned in [19] and

vhose role is still not olear enough, It is not ruled out that molecule 00!"2
is formed in the course of this reaction as an intermediate product, which
has a large obsorption coefficient in the region of 10.6 microns (~0.01 on-l
mm of the meroury cao.'Lumn'1 [53]). Evaluations show that 1 to 2 mm of mer-
cury column OOFZ can reduce the energy output of the laser by 2 to 3 times.
To produce this amount of 00?2. for emp;e. it is necessary to have, in the
reaction of the fluorine with oaonhtiqn-exoitod 002 molecules, a value of
effective velocity constant ~1°-ilb on’/sec, which does not appear possible,
The S-shaped nature of the relationship between the energy output of the laser
and the initlation, which occurs for several mixtures, may be due to kinetic

" special features of accumulation and consumption of 00F2 in the course of the
reaction, or the clearing of 001-‘2 at the laser transition for a sufficiently
high density of generation power, It is possible that thls reaction also
makes a contribution to the generation energy.

Generally speaking, the high unit energy outputs (~0.1 joules/cw’), obtained
in the calculations, appear to be attainable, but at higher initiations or
greater content of Fz and coz in the mixture, indicated by experimental

results [19, 48].
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Unc 621,373,826,038.823
SATURATION IN WAVEGUIDE CO, LASERS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 288-29%

[Artiole by V. V. Grigor'yants, B, A, Kusyakov, A. M. Sinitsyn, Institute
of Radloelectronics AN USSR ( Moscow), submitted 16 Feb 78]

['rext] A dependence Ls studied theoretically of the (':o2 wavegulde laser
active medium gain on the local radiation density in the active volume;

a dependence ls considered of the saturation parameter on the pressure,
pumping current density and laser tube internal diameter., For two composi-
tions of the Ooa-Nz-He mixture, an experimental dependence has been derived
of the saturation parameter on the pressure and a comparison has been made
of the theoretical and experimental results,

Introduction

Waveguide CO, lasers (GOZ-VL) and amplifiers are distinguised by high values
of radiation intensity in the active volume. Here stimulated transition
plays a noticeable role in evacuating the upper laser level, which it is
necessary to take into account in calculating such pa.ramej:ers of the GOz-VL
as population of the (1'02 vworking levels, the gain, the maximum radiation
power etc. Therefore, the investigation of the saturation effects of the
GOZ-VL is of great interest.

Experimental investigations [1-5] indicated that the saturation parameter
IS in COZ-VL (the intensity of radiation at which the gain is halved as
compared to the gain of a weak signal) exceeds by about an order of magni-
tude the saturation of the usual electric discharge €O, lasers [6, 7]
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This 1s explained by a considerable difference between the basic working
parameters of coz-VL (prossure, denslty of ourrent pumping eto.) and the
parameters of a low pressure 00, laser.

A comparison of theoretlical evaluations of saturation with experimental data
for the usual CO, lasers indlcated [6] that the correct evaluation of Iy
requires the taking into account of the diffusion of excited molecules and
the shape of the intensity of radiation which passes through the active
volune, Moreover; it is necessary to keep in mind that the working system
based on €0, has a great number of levels [6],

At present, the coz-vn investigated in the greatest detall are the ones with
a cylindrical waveguide tube, with a working mixture (as & rule, OOZ-NZ-He)
whlch 18 exolited by a longltudinal electric discharge., This paper is dedi-
cated to the investigation of the effects of interaction between the radia-
tlon fleld and the active medium of the waveguide laser of the indicated
type. The parameters of the active medium are found by solving a system of
kinetic equations for the working levels of co, [b,7]), while the radiation
fleld is characterized by the value and shape of local radiation intensity
I(r) without specifying methods for obtaining it, Therefore, where this is
not specifically indicated, the obtained results are true for the active
media of the wavegulde laser, as well as for the amplifier.

This paper theoretically investigates the dependence of the gain of the work-
ing medium of GOZ-VL on the radiation density in the active volume and con-
siders the dependence of the saturation parameter on the pressure, density
of pumping current and the radius of the discharge tube, Moreover, an exper-
imental dependence was obtained of the saturation parameter on pressure for
two compositions of the COZ-NZ-He mixture and a comparison was made of the
theoretical and experimental data.

1. Populations of Laser Levels

The populations of COZ-VL working levels are determined from the system of
kinetic equations written for levels 1000 and 00°1 of 002 molecules and the

level v=1 of the N2 molecule [8, 9], taking into account the diffusion of

29
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exolted 00, and N, molecules to the walls and deactivating on them [10],

It may be considered that in a oylindrical laser tube, the radlal density

distribution of electrons of the discharge ng is desoxribed by Bessel's

functlon of the zero order, i.e..q;v(zﬁq/k),where R is the inner radius of
the tube; » 1s the distance from its axls.

Then,in oylindrical coordinates, for the case of statlonary molecule distri-
bution along the working levels, it is possidble to obtain a partial solutlon
of the kinetic equations system, Then populations ny of the upper and ny

of the lower laser levels may be expressed by Besmel funotions of the sero

order:
o 2;
ny "‘-Zl Mo (VA 0) 4 Ly (—ﬁ-'-). 1)
3
AN 2,4r
ny ‘%Fﬂo("'ﬂr) 4 GJ,(T)’ @
vhere 1, (VA1) are modified Bessel functlons; Ri -- roots of
the characteristic cubic equations H1 and Fi -~ coefficients determined from
boundary conditions, We will assume that at the gas-wall boundary of the
tube

a4(R)=0; ney(R)= 0, (3)

and the velocity of the deactivation of excited molecules 002(0001) on the
wall may be written in the form

js' qdS -« L [A+ -—.k,n. ~W(fyng— finy)) dV, “

where q -- a stream of gquanta of excitations of the upper laser level through
0 the boundary; AY -- excitation velocity of the working mixture;
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8 and V -~ area of the inner surface and the internal volume Qf the laser
tubey ka =~ deactivation velooity of the upper laser level; W -- probability
of induced transitions; fi and fz portions of particles populating levels
nm0 and 00v, which are respectively in levels 10°0 and 00°1, It is easy
from (1) and (4) to determine coefficlents G, E, F, and H, (1=1-3), They
all depend on the parameters of the working mixture, dimensions of the laser
tube, excitation econditions eto.

In this paper, values of basio parameters are used in ocaloulations typical
for the first C0,=VL [1-5], It is assuned that a laser tube with an inner
diameter of about 1 mm and external diameter of ZBiﬁv 3 mm, made of quarte
or BeO and cooled with water with Td-29oxg is filled with a three-component
mixture COZ-NZ-HQ. The excitation of the wirking medium is done by a lon-
gitudinal electric discharge, In ocalculations, the valve of the excitation
velocity of the working mixture were used, obtained in [11]. and data on the
velocity of colllsion deactivation of the excited molecules at various values
of the working medium temperature from [12-13].

Temperature distribution over the oroms section of the tube is described by
formula [14]

T e v 0,23 (-’lf,'—q-) Jo (5,';-’) +(Ty+ 8T, ®

where Q -- unit power of pumping; A ~- coefflcient of linear dependence of
thermal conductivity of the gas mixture on temperature;

AT (R’Ql!kfp)hl(k‘llk)

is the temperature difference on the wall of the tube; kTp -~ thermal con-
ductivity coefficient of the tube material,

In this paper we will be interest:d in the effect of laser radiation inten-
sity on the basic parameters of COZ-VL. The probability of the induced
transitions inside the laser tube may be written in the form [15]
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W A g c4F) 13200 Ay, ®

where I =-- density of laser radlation in the ouvette; FJ -- portion of the
molecules of osolllation level 0001 in rotation level J of the upper level
of laser transition; AV=- width of 002 radiation line.

We will assume that oscillation ocours at optimal transition

W eV RTERB - 1/9)

and the number of equivalent rotation levels of COZ-VL participating in the
oscillation is the same as in the usual electric discharge 00, laser [6].
Then in the MKS system of unite

W1,35-1040/(8¢:1- 0,238 +-0.68m)p, m

where 4c.dn.81 =~- mole ratios of 002, Nz and He in the working mixture;
p -~ its pressure, In the general case the probabllity of induced transi-
tions in GOZ-VL has the form

3,54 10 2/ - 1) exp [ — (heBIRT) J (J -+ )] .
(8 +0.738n L 0,680 p V' T . ®

WV a2

Using the cited formulas and data [10-13] on the BESM-6 computer, basic
characteristics of the COZ-VL Were calculated.

2, Gain

Usirg the well known expression for the gain of a CO2 laser and taking into
accountthe Lorentz widening of the radiation line at working pressures
typlcal for C0,-VL, 1t is possible to write a calculation formula for the
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galn in the center of radiatlon for a wavelength of 10.6 miorons:

K 2,92 101(nymen,)/(8c-)- 0,736N40,651) . ®)

In this formula, unlike in expression (4) of [16], the population of the lower
laser level.. ny 1s taken into account, In the general case, the galn is a
‘function of the local intensity of radiation I and the coordinates, We

wlll note that even at zexro intensity of I, the value and radial distribu-
tlon of density of the stotk and gain, as also in the usual electric-
discharge CO, lasers [17], may change within wide limits depending upon the
excltation conditions, composition and pressure of the working mixture, laser
tube parameters etec.

Figure 1 shows the radial distribution and the gain for various values of
pumping current density JH and local radiation intensity.,

At léw de'nsities of pumping current and electrons in the discharge, increases
in J}{ lead to increases in K, It reaches a maximum on the axis of the laser
tube, where the density of discharge electrons is maximum (ourves 1, 2).

A further increase in JH leads to a strong heating of the mixture on the
axis and equalizing K(r) over the cross section (curve 3). At high pumping
current density the maximum of K(r) is reached at a certain distance from
the tube axis and a characteristic dip occurs at the axis, due to a temper-
ature increase in the deactivation velocity (curve 4),

When laser radiatlon is present in the waveguide, there is a reduction in
value and a change in the shape of the radial distribution of the galn in
the active medium, Curves 5-11 in Fig. 1 were calculated on the assumption
¢ of a uniform distribution of radiation intensity over the cross section of
- the wavegulde tube and give a qualitative concept on possible versions of
distribution K(r). We will note that in actual laser waveguldes the value
of intensity and the shape of the passing beam are functions of the
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coordinates, therefore, the ploture shown in Fig, 1 will, generally speak-
ing, change,

4 10 mM

Fig, 1. Radial distribution of the amplification coefficient [Ge.in] of the
working mixture cozma:ne-msa in a quartz waveguide tube for values of
local intensity of laser radiation I=0(1-4), 1(5-8 and 2 kw/o::m2 (9-11) and
density of pumping current J=50 (1, 5, 9), 100 (2, 6, 10), 200 (3, 7, 11)
and 250 ma./cm2 (4, 8) at R=0.5 mnm, Ry=1.5 mn p=70 mm of the mercury column,
T°=290K.

We will compare with experimental data the calculated value of the average
galn over the cross section of the tube., It may be obtained easily, sub-
stituting (1) and (2) into (9) and averaging the obtained erpression for
corrdinates r, @

3
- 2,92.10=17 N\ 2 . .
K e (B¢ I 0,736y +- 0.65m) p [‘1\1 V% R (H—Fp) I (V.rlR)+0.433(E—G)].

(10)
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Fig. 2. Relationship between average gain in a quartz wavegulde tube and
the radiation density for pressures of working mixtures Cochste=1'118
P=30(1), 60(2), 100(3) and 140 mm of the mercury column (&) for J=200 ma/ong
To=290K, R1=R+1 mm.

Fig. 2 shows the relationship between the average galn and radiation density,
It may be seen that at low pressures of the working mixture (curve 1) a
rapid saturation occurs, The gain decreases sharply with an increase in I
and’ drops to zero at a radiation density rv3kw/cm2. A Pressure increase to

- 100-140 mm of the mercury column leads to an increase in collision deé.cti-
vation ( and to dropping K°=-IE(I=O). decreases the relative contribution of
forced transitions and the total velocity of evacuating the upper laser
level. Therefore, at high pressure, the galin 1s less sensitive to the value
of I. '
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Fig, 3. Calculated relationships between saturation parameters and
pressure for mixtures CO,iN,tHe=11112 (1, 2, 5), 11118 (3) and f11:k (&)
(3=50 (1), 100 (2) and 200 ma/cn? (3-5).

6. kw/cm2 ; ' 7. mm of the mercury column

3. Saturation Parameter

An Important characteristic of GOZ-VL 1s saturation parameter IS (va.lue of
radiation fleld leading to the disturbance of the active medium condition).
- The expression for the gain depends in a complex manner on I, therefore,
an a.nalyﬂ_.c expression for Is is very cumbersome, In this paper, Is is
calculated numerically as the value of I at which the gain is halved com-

pared to its value at I=0,

X
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hoedmfent  (8)
‘

Fig. 4. Relatlonship between the saturation parameter and inner radius of
the luser tube made of BeO for mixture cozmzme-imz with pressure p=20
(1), 40 (2), 60 (3) and 80 mm of the meroury column (4) (T =200 ma/cmz.

. Ry=R+1 mm),

o

5 kw/cm2

]
For certain conditions of GOZ-VL operation, the value of the saturation
parameter 1s an entirely defined characteristic of the system. However, the
dependence of Is on some physical parameter X will be different. depending
upon the manner of posing the problem or the conditions measuring the re-
lationship Iy (X).

If, in calculating or neasuring, the value of gain of a weak signai is pre-
served, then the behavior of the saturation parameter is similar to the
behavior of the deactivation velocity of the upper laser level [6].

This paper considers another important case frequently met with in experi-

ments, namely, the preservation of conditions for excitation (denslty of
punping current, parameter E/p etc.). Fig. 3 shows changes of IS with
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bressure for several values of density of pumping current in mixture
0021N2|He=1|112. An inorease in Is at inoreasing JH in the region of high
pressure 1s explained by the heating of the working mixture and the in-
orease in the velocity of collision deactivation, The saturation parameter
changes are considerably stronger with preassure. At high pressures ISN p2
corrasponds to the formation of linear with respect to p velocity of
collision deactivation and width of the radiation line [?]s 1In the region
of low preasures, IS depends weakly on p because, in this case, the con-
tribution of collision deactivation to total velocity ka is not very great
[16].

The value of the saturation parameter is also affected by the characteris-
tics of the laser tubs: the inner diameter, the wall thickness and the
thermal conductivity; in this case, the gas mixture temperature depends on
the wall thickness and the thermal conduotivity, while relationships Is=

I (R) is shown in Fig, 4, For a certain value of R (characteristic for
each value of p) the saturation parameter reaches the minimum value, which
corresponds to the minimum of the totel deactivation velocity of level

00°1 of the CO, molecule [16], A reduwction in R leads to an increase in the
velocity of deactivation of (:02 on the wall and to a corresponding increase
in IS.At high values of R, the velocity of deactivation is determined by the
value of the mixture pressure and for p=const the value of Is is also con-
stant (curve 3).

Simultaneously with theoretical caloulations, the value of the saturation
parameter in GOZ-VL was determined experimentally, It is well known that
in the case of small losses, the value of IS is related to the gain of weak
signal Ko and linear power of radiation S by relation

Is=SInb3K,, ()

where b  -- radius of the beam at intensity level 1/,
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Fig. 5. Experimental (@, 0) and calculated relationsh'ps between the
saturation parameter and pressure for working mixtures GOZ:N2|H9= 11118 (1)
and 11114 (2) in glass waveguide tubes (broken line) and BeO tubes (solid
line) (3-5 data from [5] obtained ai pumping currents J=2 (3), 3 (4) ana

4 ma (5).

é. ku/c:m2 7. mn of the mercury column

Experiments on measuring gain and oscillation poWer were madeon a glass dis-
charge tube with an inner diameter of { mm and 12, 5 cm long, NaCl windows
at Brewster's angle were installed at the ends of the tube, The resonator
of COZ-.VI' consisted of two spherical mirrors with a radius of curvature
R°=10 cm, located 9.5 cm from the ends of the wavegulde, The radiation was
brought out through an internal NaCl plate 2 mm thick. Measurements were

39
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0

FOR OFFICIAL USE ONLY

made for compositions of working mixture 002|N23H91131|8 and 11114, The
density of the pumping ourrent was 200 mA/oma.

The values of the saturation parameter, depending upon the average pressure,
are shown in Flg. 5. Three experimental relationships are shown for

IS=Is (p) for various values of pumping ourrent density in a BeO 1.65 mm
tube [5] (velocity of pumping is 200 volumes per second) and two correspond=
ing theoretical curves for mixtures 11118 and 11114, Although experimental
and calculated conditlons are not quite identical, a falrly good coincidence
of results was observed, especially in the high pressure reglon,

We will note that the experimental value of I_ depends strongly on the chosen
value of beam diameter d and may change from 105 u/cm2 (1] (d=2R, low pres-
sures) to 6.3 kw/em2[3] (d=0,91R). The calculated values of Iy obtained in
this paper, fall within the indicated regilon, although they are somewhat
lower than those obtained in [2-5]. This discrepancy may be due to the im-
precision of excitation and relaxation velocities used in the caloulations,
or to the underestimation of the value of d in evaluating the experimental
value of I,, Radial distribution of gain may change strongly depending
upon the pumping conditions (see Fig. 1), and the shape of the beam (in
particular, in the amplifier tube) may differ from the Gaussian. Therefore,
for a reliable evaluation of d (and, therefore, of IS)' it is necessary to
record the radial distribution of the radiation intensity in the tube.

Values ofIs obtained for typlcal operating conditions of OOZ—VI, exceed by
more than an order of magnitude the corresponding values for the usual
electrical-discharge co2 lasers [6. 7]. In combination with a higher gain,
this makes it possible to obtain in C0,-VL a unit power density of up to
about 30 u/cm3 » Which 1s two orders of magnitude higher than the values of
the corresponding parameters for low pressure electric discharge 002 lasers
[181. ‘

Thus, the calculations cited in this paper indicate a strong dependence of
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the population of laser levels and gain on loeal radiation intensity in the

actlve volume of the OOZ-VL. while the nature of the dependence may change
essentially for changes in the composition and pressure of the working mix-
3 ture, pumping conditions and the material and dimensions of_the wavegulde
tube, The value of the saturation parameter in OOZ-VL exceeds considerably
the values of I8 for low presaure 002 lasers and is a funotion of pressure,
composition and temperature of the working mixture., A comparison of the
theoretical evaluations obtained of the value of Is for COZ-VL with experi-
mental data shows a good coincidence, especially in the high pressure region.
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3
b,
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6.
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PHYSICH

Uno 621,373.7

PARAMETRIC AMPLIFICATION BASED ON FOUR-WAVE PARAMETRIC PROOESSES IN A TWO-
PHOTON RESONANCE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 295-303

{Article by G. M. Krochik, submitted 14 Mar 78]

LText] Processes are studied of parametric amplification in two-photon
absorption (DFP) and stimulated Raman scattering (VKR) of pumping in gaseous
media, It is shown that effective amplification takes place provided the
DFP cross sections of fields to be amplified is greater than the DFP and VKR
cross sections of pump, and at the nonlinear medium thickness a significant
DFP of pumping occurs. Noise characteristies of corresponding parametric
amplifiers have been investigated, It is shown that processes of the four-
photon parametric luminescence make a major contribution to the noise power.
The power of the parametric superluminescence under DFP or VKR of the pump-
ing in metal vapors is calculated. It ls shown that this luminescence may
be observed in sodium vapors exposed to the rhodamine laser radiation. Con-
ditlons are analyzed for the triggering of an optical parametric oscillator
(PGS) with a wide tuning range in IR and UV bands on the basis of the con-
sldered processes in vapors and gases. It is found that high-power laser
pulses whose duration is 10~5 to 10-6 seconds are required to pump PGS.

Introduction

Four-wave parametric processes for two-photon resonance (ChPPDR) in vapors
and gases are belng investigated intensively from the viewpoint of using
them for frequency transformation of laser radiation [1,2]. Of interest

1s the study of the special features of parametric radiation in such proc-
esses, as well as problems closely assoclated with them -- parametric super-
luminescence and oscillation. It is not less important to investigate the
nolse properties of ChPPDR, which will determine the noise characteristics
of amplifiers and converters and thresholds of parametric superluminescence.
This paper is dedicated to the theoretical analysis of the problems enumer-
ated, ’
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- We will olte a brlief llst of papers concerning the enumerated questions.
The possibllity of achieving high gains in four-wave parametrio processes
for tWo-photon absorption (DFP) of pumping was reported in (3], In papers
(4,5], directional forced radiation for (DFP) laser pumping in rubidium
vapors was observed. The four-photon parametric superluminescnece plays
& considerable role in the formation of this radiation, along with the
Indicated, in [h.s]. nechanism of mixing pumping radiation and infrared |,
laser radiation, originating as a result of the formation of an inversion
between level 2, pumped by a two-photon pump, and the intermediate under-
lying level. The excitation threshold of the parametric oseclllator of light
(PGS) on the basis of ChPPDR at the given pumping was evaluated in [6]. The
effect of the type of resonance transition and polarization of pumping on
the value of this threshold was studied [7].

1. Polarigation of the Gaseous Medium

We will assume that acting on the medium consisting of freely oriented
molecules (atoms) is electromagnetic field

§ =X ¢E (wpexplio) + kompl., copr. [expansion
T unknown ]
where

e/((e. g exmF -7'.2,— (ex -Heu))

are circular unit vectors of the fields, while field frequencies

uy (3=1,2,3,4) satisfy the condition of two-photon resonance:

oyt wg=yto=a4-4, A€w), ()]

W, -- transitlon frequency between energy states of molecules;
IR and |2, fy me; froaimy g
-~ quantum numbers of the full moment of the amount of movement and its
projection on the direction of the external field,

The nonlinear polarization of such s medium may be obtained by using the
expansion of the matrix of density

Omymy == <Ly iy My 612, oo my

by irreducible tensor of operators o5 I8l e will cite as an example an
expression for the amplitude of medium polarization at field frequencyeu‘,

Lk
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in the process of parametric amplification at DFP pumping with frequen=-
oles c) and Wy *1

Pato) wamte =18 G o [y ()] B o) (=1 O

where the expression for the stationary value of ¢}, obtained on the as-

sumption of the lsotropy of relaxation processes, without taking into

:gcotfmt Stark shifts and the induced widening of the transition line, has
e form

of u — tl’?ﬁ%ﬁ& of 81 [y, (wy) Bz (1) Ez (90) + Heaq (3) B7 () X
. X E3 (0y)). )]

In these expressions

o) VIS (BB Yoo o

My, m—my ¢
1
g( e _; _:)u"(o,)s )

x"(m,)n(-—l)"""]/ﬂh‘l-“lh-' ‘\: dhldlh[;. ;l x}[ l—-+

/ Wy =t

: ®

(/]
(—hx
+ u”g.’*‘wl ]

Cdpgy == natrix elements of the dipole moment operator for transition
W fo-=lk I

xgp"8(ey)

*Similar expressions for polarization amplitudes were obtained in [9], how-
ever, they make it possible to investigate only polarization features of

ChPPDR, but do not permit the calculation of the cublic receptivity accord-
ing to known powers of the oscllilators.
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is the polarirability of the second order for transition
Y D A )

-=3J~ and 6J symbols; T =- relaxation time of the nondiagonal element
of the density matrix;

c"||m' = "ll(‘lh A1)

is the population of sublevels m of level Ji' rank 7¢ of irreducible

spherical tensors O‘;‘and"'o‘ (Wigatisfy conditions

' 0L %€ 2, |h=h!|S %< |hdfsl

In expressions (2) and (3) summation means - repeated polarization
indices a, b, ¢, d.

Substituting expressions (3) - (5) into (2), it is easy to reduce the

expression for the polarization amplitude of the medium at frequency w,to
an explicit form

F o m — 141 IR (0w, 04) E () E (@) Glun, 04) B* (00) X
. X E(wy) E (0], )

where

o (0y) o8 ) e o) ! (o)

G o1, w) =gt g e2 (ese)) + gy les (eaea) — e (eien)] +
e s ‘ L L] L] .
'*''u_ﬁ!(_.;‘hm'i-(lg)L [—2¢; (e5e)) + 3e; (¢3¢,) +3e4 (e3¢)) ], U

while an expression for G, w,) may be obtained from (7) by replacing

Wy=> Wy, €3== €y, C4~> ey,

Vectors for polarization amplitudes at field frequencies  wj, ws ®e have
a similar form,

2, Parametric Amplification for DFP Pumping
2.1 Let radiations of fields, with frequencies satisfying condition

wyl oy wybu=wy , act on the gaseous medium, Muations for complex am-
plitudes of fields

€y Elwj)exp(iky2)

k6
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for their single-dimensional interaction along axis 2 may be obtalned
easlly, substituting expressions for amplitudes of fleld polarization of
type (6) into Maxwell's equations:

"%ﬁ‘ = "‘“Il.nlc?.ll,cl.ﬁ'“lk.!lc_;.lcacﬂ‘ on 2 (Ba)
'g%"“ LYY |Cm|2 Ca.;—“u.ncz.ac! Ce—fth 2, (86)
where
O (kb ) (b1,

is the detuning of the wave vectors of the fields;

Gpp, 00y, 3 @G0y, 0y); OOyg qpmetny, 420 Gl00y, O,);
Q3,447 W, Roi(t1g, tny); O 4, 43> 0y, (@000, )} 9

ﬂ.&z’"_]”r&.-"u—l; :
N -- density of the number of particles; n - the difference in populations
of sublevels 1 and 2,
We wlll assume that for the considered transition
1y~ 12, ]s)

the following condition is fulfilled

Glony, 3)-=GM¥(wy, w)GH3{ury, wny). (10)

It follows for (6) and (7) that this condition is fulfilled, for example,
for transitions

ls.-. 'S.. .slll" ’s‘llj. ’su.-‘ogn

in metal vapors. Let further boundary amplitudes of fields
Cil 1w0=Crs

k7
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satisfy the lnequality

Ca011C 101G us, tg)p |C1]Cys |0 M(w,, wy), : (y

Then equations desoribing the process of parametric amplification of weak
optical signals 01 and 02 at DFP pumping 03 and cu may be simplified con-

slderablys

dc dc; ‘
= =T I0C g =m0y,

where

LMot 8=0hMyi ¥y,0m%11,09C0eC /M1
() == Maexplletas |C g0 |texp2b=ce 44| Caa |t 1=
M= 33 |C g 1=t 1 [Cao |*= 33 |Cy |1—2t441C "

(13)

k)
(14
(18)

In obtaining equations (12) we neglected the DFP amplified fields and their
effect on pumping flelds, considering that the pumpings only change due to

the DFP,

2,2 In this case of gzero wave detuning (6=0), the solution of equations

(12) has the form

v e [\
Cl ra C|°ch -[—C,o(%i) .Shzl (!6‘)
. o)g\Y/! .
C) = —‘Cto('a;:) W24 Cyehz, (166)

where

ZeRIn a‘.',""““cg'—“'!,l'ﬁao a1+ altAs, .
[ 0 :
a3idiet—alidsg i o) Az
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o (BuCu\' Tee, G, o) T,
R (“uﬂu) “[m.m: [T m,)] “ ' (19)

A= |Cyl=Cyexpliny)

v -- actual amplitudes of the fields; it follows from (16) that amplifica-

- tlon of the weak radiation proceeds efficiently, if the DFP cross section
of the amplified fields is not smaller than the cross section of the DFP of
pumping (R 2 1) and there is strong DFP pumping along the length of the non-
linear medium. The latter condition is fulfilled if the limiting intensi-
tles of pumping satisfy equation )

430”‘36-‘--' anfayy gl (lg)h

which, in particular, is true for degeneratre& DFP pumping ( Wy=W,), DFP
nondegenerated with respect to frequency pumping is used in ChPPDR for pro-
viding conditions for spatial synchronism, by retuning pumping frequencles

near resonances [10, 11]. When equation (19) is fulfilled, expression (17)
has the form

L. 1 .
Rinfi4-2¢, 1, @)
where
1=aAdgr=ayA2)2, ' @1)
2.3. In case of arbitrary wave detuning when fulfilling condition (19), L

the system of equations (12) may be reduced to the following two differential
equations of the second order:

26y (i 2 s p2(1 4 20)-12, 4= 0. 92
dCfL+(+ + T A (14 25)72Cs, (22)

k9
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To 1llustrate the effect of .wa.ve detuning, we wlll consider the case

Re2, when equations (22) are equations with full differentials and thelr
solutions for Auo=0 may be presented in the form

Ci= -57———(1&“2‘7,[(4 - 63 -} 283¢; — 4cos 61;)2 - (4sin 8y ~ 465,1)3)"s X

— 4sin 8%y - 46¢, } . (209)

X exp [i arclg T8 T 26%, — dcos 6:1'

T . ‘
Cye __(.:)1:) ’ —‘5—,-(—,—%°2—;1-)-((2-_2cos 8y -+ 85in 82)° - (6 - 268 — 2sin 6t —

46:,-—-4sln th }

~— & cos 6%,)%)"s exp {t arctg TF 60 9095, —dcos 7, (236)

Foxr L" —» ©&° the amplitudes of the amplified fields approach values
oy

2 { o\"h . 8 41Ys
Mln=T5r () o 4 lewm =[] oo

which are determined by the ratio of the value of wave detuning (8k) to
the coefficlent of the two-photon absorption of pumping

L_'l._P': 2&33/1 ;zu:

]
Fig. 1. shows relationships Araba) @3), plotted for vari-
ous values of § ., It may be seen from Fig, 1 that amplified fields reach
the maximum values at 2= n(dh)~Y; i at alh-Ig 2 2n(bh)-t,

. when a reverse parametric conversion of the amplified fields to pumping oc-

: curs, the efficlency of wave interaction becomes lower due to the DFP
pumping that has occurred on the initial section. Therefore, after reaching
the maximum conversion, the amplified flelds complete attenuating oscilla-
tlons with a period of 2n(6k)~! . and epproach the value near the
maximum, o

3. Parametric Amplification of VKR Pumping _

As 1s the previous paragraph, we will consider parametric amplification of

weak radiation when strong inequality (11) is true for the limiting values

of flelds. Then the solution of equations for complex amplitudes of fields

(8), in which Co= €., should be replaced, for
Ok=(ky+ko)—(hy—k )=0

has the form (16), where

% Rarctgb(ebr—1); b=-AJg0sia3i04 ti=andpz @9
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Fig. 1. Relationships between amplified fields and coordinates for various
values of wave detuning § (see (13), (15).

We wlll assume that Ayq <& Ay, then it follows from (16) and (24) that
flelds c1 and Cz inerease monotonically and approach limits

‘nmAiuA?och’(R-’;-), IlmAgnAfO%’sh’(R%), C®)
Li=e [ 1

determined by the value of parameter R (see (8)). With increasing R, 1.e.,
the ratio of cross section of DFP of amplified fields to the cross section
of the VKR pumping, the limiting values of the amplified fields increase.
In this case, the length on which the amplified fields reach maximum am-
plification, is determined by the length of the combination conversion of
pumping into its Stokes component.

Thus, for example, for R=3-4, at which is provided at quasiresonance at the
frequency of the amplified field, the maximum gain is equal to 103-105 (see
(2‘;{;). To attaln this gain it is necessary to provide conditions of phase
matching (see ({'2]) on the entire length where almost a full (0.8) conversion
occurs of pumping photons into Stokes component photons.
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B 4, Noise Characteristiecs of ChPPDR Optical Amplifiers

b,4, If the wavelength of resonance transition 1-=2 lies in the near infre-
red, visible or ultraviolet ranges of the spectrum (electronic transitions
of atoms and molecules), then the thermal population of level 2, due to its
interaction with the thermostat, is immaterial (for metal vapors at

300500 Cexpl—Rwy /AT | & 101 |§=19),

In this situation, thermal (molecular) nolses, due to two-quanta spontaneous
radlation, may be neglected, If the wavelength of resonance transition lies -
in the far infrared region (oseillation-rotation transitions of molecules),

for example, at two-photon pumping of SFg by & C0, laser (12], thermal noises

must be taken into account.

Wo will consider only the first situation, the most interesting from the view-

point of experimental implementation. We will also assume that the popula-

tion of level 2, due to DFP or VKR pumping, is small so that spontaneous

two-photon radiation from that state can be neglected, In this case, the

basic contribution to the nolse power of the parametric amplifier is made I
by vacuum nolses, i.e., noises originating as a result of the conversion

of gero fluctuations at the frequency of the free wave into radiation at

the frequency of the amplified field four-photon parametric luminescence [13].

We %11l make a calculation of the power of such noises.

As before, we will describe the pumping field clussically, considering it

quasimonochromatic and assuming that the number of its quanta is large. We

will describe amplified fields in quantum language, representing them in the
; form of superposition of flat waves [14]:

i = E -;;3 (hwp)'’r [a e~ Thettugt_gib () efke=1uyt] 3ak, (26)
H

Je=1,

where a;(k) and a.J'( k) -- operators of origination and destruction for
photons”of amplified flelds, Ruations for operators ap(k) and a}'(k)
have a form, simllar to (12), where it is necessary to replace

Ci= ay(k), €3~ a} k),
while thelr solutions for &k=0 have a form similar to (16):

ay= ayoch L —aysh T (¢7a)
n"'; s @y osh - a;bch'lf. @16

52
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0

FOR OFFICIAL USE ONLY

where X 18, as before, determined in (17), (20) or (24) depending upon the

type of process, It 1s easy to obtain from (27) expressions for the density
of thu number of photons Ni==caitags:

Ny Nyeh2 2 (N gl 1)she 2 (28a)
Ny (Nyg | 1)ShAZ | N ycht 2, {286)

where Ny, Ny, -- density of the number of entering photons (2=0)

The power of scattered radiation at froquenoyw,, for collinear wave inter-
action can be obtalned easily from (28), assuming Ngg=0s Npy=01

P (m‘) e A j“l‘?’l AQ ("')') Sh’x (wy) dﬂ)‘. (29)

)

where 0, =+ ho k3 jgnd is the "spectral brightness of the vacuum"
on the left of the nonlinear medium [137]; A -~ cross section of team;
AR(w,) -~ element of solid angle of scattering; L(w)~ Rw) (see (18)
takes into account dispersion (;(w, u/‘)within the interval of amplified
frequencies, '

Formula (29) was obtained without taking into account the transverse struc-
ture of the beam and 1is approximately true when inequality i, ,<d<L,

exists, where d= V/A -- diameter of beam; L -- length of intéraction., On
taking into consideration the transverse structure of the bean, see [13]

and papers cited in it., Solid angle ASL@w )and the interval of amplified
frequencies are determined from condition \

8k(wy) 2= [k(g)t k(w )—K(wy)=k(wy) | = 0, *
Making simple geometrical plots (Fig.2) we find that at collinear synchronism
the dispersion angles do not exceed values

8Q(w;,)=+ 0,4 = 8(6k/k,, |, (30)

Where 1t is assumed that the length of coherent interaction L = 18k1-t  (see 2.3)

b.2, We will calculate the gain and the noise power of the parametric ampli-
fler if radiations, reduced to the input, with l'=1lb.8 microns,
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Pig. 2, Vector diagram of parametric luminescence for oollinear synchromism,
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Flg. 3. Arrangement of the process of parametric amplification for wave-
lengths 2,=14.8 microns and 2, =455.5 nm in cesium vapors.

)b=455.5 nm for DFP circularly-polarized pumping (),=l,,=883.7 nm) between
levels 68% and 6D5 > in cesium vapors (Fig. 3). The conditlon of synchro-

nismdk=0 1s met for the indicated wavelengths, while values G(w, w,and R,
calculated from formulas (7), (5), (18), are equal to 2.66x10-44SGSE and

7 respectively. (For a degenerated DFP (W,=wj,) the value of G (w, W) is
doubled; the strengths of the transition oscillators are taken from {15, 16].
Ata density of cesium atoms

N - 410 =3 (V=210 eu=3), T=3:10-10
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5. Parametrlc Superluminescence and Generation

5.1 Ve wlll now consider the poRsibllity of four-photon paramotrie lumin-
escence at two-photon resonance. To observe 1t, it 1s necessary to provide
a galn of about 1010. This galn, as follows from the above, may be achleved
at large parameters of R, i.e., at small frequency detuning of the amplified
radiation with respect to the resonance line of the medium, The DFP and
inverse conversion of these fields in pumping becomes considerable, in this
case, With an inorease in the amplified fields. In papers [18, 207 the os-
cillation proceéses of the difference frequencies at DFP and VKR of pumping
Were analyzed taking into account these two effects, It was established in
these papers that amplified flelds at &k=0 approach the stationary states in
Which the power of the amplified fleldsis maximum,

The values of fields in the statlonary state satisfy the following equations,
which may easily be obtalned from corresponding equations: in [18, 20«

For a process on the basis of DFP pumping (0;=uw,)

2 _4 ( W\ G o) o0 - wy
Jaoexp[ & aresh Tl ® oy i 0’17" @y

For a process on the basis of VKR pumping

2 7\ G (0, ©;) 40,00y —
2 o2 1 - L O 302 —9
Jaosin I R arcsh( Ja, ) J G (0, ©;) 0,0, /i @2

In (31), (32) by Ju,, is meant power density of vacuum noises at the input:
:’;"m = F(“'n.n)/A-

5.2 We will calculate the arrangement of parametric superluminescence in
sodium vapors radiated by circularly polarized radiation of a rhodamine laser

*High gains are provided in frequency interval duy=40, %207, 80
that conditions for achieving stationary states may be left approximately
the same as for the case of quasimonochromatic fields.
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from [1?]. length of coherent interaction L=5 cm, pumping power*
J5972:5 Mw/omz(5x103 SGSE) the reverse length of DFP (DFP coefficlent)
Lgp=07 v\, the radiation galn on W and W, is equal to 10“,

We will calculate nolse powers of amplifiexs at frequencies w; and w,
reduced to the input, Assuming Ok=L='=02eM yg find from (30) Al(w))=
3.8 x 104 steradians, A= 1,6x10-5 steradians, The range of ampli-
fled frequencies is determined from condition 8k(w,)<~l- } 1t 1s equal to
AV= 0,3 em~l, For confocal focusing of pumping [19] the cross section
area of the beam A=LM4==10=¢ cmt, the dispersion aperture does not
exceed the value of AQLAIL==4 1 0=0 steradians Zaulwili” AQ(wy),
A change in parameter R within the frequency interval * avy=0,3 ¢n—t is
negligibly small, so that it may be assumed in (29) that(w)=const,

Then we will find from (29)

P(0)) =+ I3, A AQ2RC AV 5= 2,1.10-10 02, watts,

P(wg)= 10~19%h3% vatts;

respective nolse powers reduced to the input are equal to

Plwy) = Pylsh?@=2,1.10-4  watts ’ "Blog=10-1"  watts,
When using laser pumping with length of pulse Ty = 30 nanoseconds, the pulse
nolse power reduced Bo the input 18 "y )r,=6.10-1 Joules gxo,=1,27.10-1 joules

ﬁ(‘“a)fllza'ﬁo“' Joules '>5Wl'fi4'l‘ 1010, Joules, '

Thus, for the indicated parameters, the four-photon parametric luminescence
willl contribute to the nolse power only when the ultraviolet signal becomes
stronger and has no effect on noise characteristics of the infrared radiation
amplifier. We will note also that noise characteristics of infrared radiation
converters (14,7 microns) into visible (455nm) will not be worse, on the basis
of the indicated arrangement of the generation of the difference frequency
than using for this purpose a process of generation of a total frequency for
DFP pumping. In this case, the conversion coefficlent in accordance with the
number of quanta of such converters will be found to be significantly higher
(10“). (In the process of generation of total frequencies for DFP and VKR
pumping,[t5§ conversion coefficient in accordance with the number of quanta

n< i[2}]).

*Pumping intensity of the saturating two-photon transition 6Sy14— 6Dy1y
Junc: R 14TTG (0, wn)l='=10'SGSRUGSE Jfor 2= T =3x10~10 sec (we assume that the
relaxations of populations occur due to collisions [1?], at JBOS Jay 1O
considerable increase in the length of conversion occurs f18].
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tuned to a 578.9 nnm wavelength (Fig. 4). The caloulation of wave detuning
indicates that the condition for mpatial synchronism is fulfilled for
v‘9;4Q7|ﬂ en=! ‘(M»" 2,04 miorons). vt=230276 “em—t (’q“330.3 mimns)’

Gy g) 2410=34 MY, Olwry, 039)=2,0+10=41 eMy, Re108( ({16, 16)).

For  Tw:3:10=10 ¢, yNe= 100 c=3, Jyy =~ 3:10° SGSE (Vao =8.5x103 SGSE) reverse length
of DFP of pumping LB%.P%.B en-i,"

We will assume that length of interaction L=2 om, If, on this length, the
DFP of the Amplified flelds and thelr inverse effect on pumping can be ne-
glected, then gain s% 1is equal to 4:(1016. Obviously this gain will not
be provided, since long before it is reached, the amplified fields will be-
come stationary, We will show this.

For 8k=[-1=:05 cyv=t the frequency width of amplified flelds is equal to
0.1 cm'i, while the aperture of the dispersion anglesaq(u,)=23-10-isteradians,
AQ(w)+2,1:10-%  steradians, At confocal focusing of pumping in reglon
Lin2 e A=IX4=2.8:10% cut, AQ= A/L'=T:|0~¢ steradians <AQ(v.).’
Thus, the powers of vacuum noises reduced to the input Plug)=4,6-10-1° watts ,
P(wy):~1,3-10~12 watts,

- 2 2

Ju, +=1,65.10~ w/en! ’ Jo, =4,64.10-4 w/en®,
We will find from (32) that the stationary intensity of amplified flelds
J,=SGSE (4.63:103 w/cma), and 3‘27-66 SGSE (33x10u' w/qmz).

Thus, the maximum gains do not exceed 1010 and the calculation should be made
taking into account the DFP of the amplified flelds and their effect on pump-
ing.

The length at which values of amplified flelds J%4,3=0,97),4 are
achleved is determined by formula [18]

J 3
1 1
20y | f d.l,_,' (3 — (G (01, ©))/G (03, ©g) J1J4]"a)? 33)
AN

L =
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(1) -
4,230 3849

P Vo sami T

4923503 Ay8570 9 (2)
» /Y11 L —
" 55

Ay 570 9nm ' '

33

Na

Fig, 4, Arrangement of the process of parametric superluminescence in
sodium vapors

1. microns 2, nm [n nometers]

where J1 and J2 are expressed throughJ, with the ald of the first integrals
of the system of equations (8) for §k=0. As shown by caloulation, this
length does not exceed value L=2 cm, Thus, on this length, the following
povers of radlation dispersion will be attained. J;=o.9.7,x='4~lbo" H/omz.
1210905 294104 w/cmz.
We will finally note the following. Above we made the calculation not taking
into account field absorption at frequency u)a « This can be donse.. if,for
each value of the two photon-absorbed pumping, the "parametric inorement" of
the increase in the amplified fields is considerably greater than the linear
coefficient of their absorption, i.e., condition

| -1
asR!(1 | mez) »a,l/2 (34)
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is fulfilled for all of = fxom the reglon of interaction of fields, For the
considersed example

-

.

- MmN, T dhayeapy, -t T
NN apy, T O ey =gk 12 ol ay=gel0-t 8GSE,

J
Vo

L=2 om,inequality [34) s fulfilled for all

0% 7 L2 o aygR( L5018 onmlpatyi2e- 0,8 en=!

and the oited evaluations are true,

5.3, We will dwell here on the possibility of creating PGS on the basis of

a ChPPDR, It was shown above that a gain of 10° to 1010 (for one passage)
can be provided near resonance lines, Thus, the oreation of PGS with small
rogions of detuning )'and R (1Oom'1) will not be difficult, It is of inter-
est to evaluate the possibility of creating PGS with a wide range of retun-
ing, spanning the UV, visible and IR ranges,

We will assume that to fulfill self-excitation conditions, it is necessary
that the guin for one passage be in the order of 1% which takes place in
PGS on nonlinear crystals [21]. We will calculate PGS parameters with a re-
tuning range for wavelengths ) ;=1.4-10 microns, A, =355-455 nm in sodium
vapors, radiated by circular-polarized pumping, the wavelength of which sat-
isfies the condition of a two-photon resonance with transition

' 3S1a==3Dyady -A,2-680) nm), The wave detuning in the indicated
ranges is positive and at sodium vapor densities of 3x1016 c:m'3 changes from
3 to 3.4 en1, Calculations for wave detuning for buffer gas Xe, made in
accordance with Cox's formula [16] indicates that in this range of wavelengths
an Xe pressure in the order of 200 to 600 mm of the mercury column is required
to provide the same negative wave detuning., Thus, by changing the Xe pres-
sure, it is possible to achieve condition § k=0 for any wavelength in the in-
dicated intervals,
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Wo will evaluate, at first, the radiation gain with ) =1.4 microns, J, =455 nn
for which G (w, u)=5x10‘“’7 8GSE and R<0.1 (G(w, o) )24x10-45 3GSE, For
T=23x10~10 aaoon&é. JJO :;10“ 8GSB (5 Mw/oma) revegg; langth of DFP L;:;}.b on~1,
If the conditlion of spatial synchronism 1s fulfilled on length L=30 om., then
the gain for one passage is squal to 3.6%, For ?,-10 miorons, )z=355 nm pa-
rameter R 2 0.04 and corresponding coefficient is equal to 0,6%, To obtain
total gains of 1010 requires no less than 10/1g 1,036=650 passages for

R,-i.b miorons and 3850 passages at A,=10 mioronas for a resonator length
of 40 om, the time of increasing the oscillation pulses will be 1,7x 10~ »10
respectively, It follows from here that for pumping such PGS, it is possidle
to utilize retunable laser sources with long pulses, for example, plgment
lasers with tube pumping.

The maximum oscillation power is determined by conditions of fields attain-
ing states, near to stationary ones, and may be 0.1 to 0,3 of the pumping
pover [18].

Conclusion

1. The ChPPDR in metal vapors and gases may be used for amplifylng weak
optical signals in a wide spectral range from vacuum UF to the far IR region,
Corresponding amplifiers have an extremely low level of internal noises and
their gains reach several orders of magnitude,

2, A four-photon parametric luminescence at a two-photon resonance, similar
to the three-photon nonresonance luminescence observed in anisotropic non-
linear crystals [22.23] may be observed in metal vapors and gases. Lines of
dispersed radiation are shifted with respect to resonance lines of the medium
by an order of magnitude of t':m'1 units and their powers attain values of

10‘2 to 10'3 of the pumping power, These lines must shift in frequency when
synchronism conditions change; for example, when a buffer gas is introduced
into the cell contalning the metal vapor,

3. Apparently, the creation of a PGS on the basis of a ChPPIR in gaseous
media with small retuning regions (several cm'i) will not produce great
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difficulties. To provide parametric oscillation in wide UV and IR regionas of
the speotrum, it 1s necessary to have powerful sources of laser pumping with
radlation pulse length of 10~ to 10'6, tuned to two-photon resonance with
the corresponding transition of the medium.

The author is grateful to 8. A, Bakhramov, D. N, Klyuchko and Yu, G.
Khronopulo for the useful discussion of the paper and their valuable remarks,
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PHYBICS

UDg 66,092

IS0TOPE SEPARATION BY MULTIPHOTON MOLEGULAR DISSOCIATICN IN THE HIGH-POWER
CO, LASER FIELD., PROSPECTS OF PRACTICAL REALIZATION

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 317-326

gArticle by Ye. P. Velkhov, V, 8, Letokhov, A. A. Makarov, Ye. A. Ryabov,
pectroscopy Institute, AN USSR (Moscow), submitted to ATOMNAYA ENERGIYA
6 Mar 78, submitted to KVANTOVAYA ELEKTRONIKA 2 Nov 78]

§Text] Consideration is given to the problems encountered in the practical
mplementation of a process of isotops separation by multiphoton dissociation.
The process of optimization is made in order to achieve the maximum utiliza-
tion of laser power., Estimations are presented of the efflclency of the
method,

1. Introduotion

In recent years, work was developed intensively on laser separation of iso-
topes,(see reviews [1,2]), This is related to the fact that laser methods,
compared to existing traditional methods of 1sotope separation, have & number
of advantages.

1. High selectivity of tke elementary act of separation. In most traditional
methods, the coefficient of separation by one stepw 1s very smll (o -1<1),
therefore, to obtain a high degree of separation q, a great many separation
steps, n, are requireds g=«”$1, Laser methods provide fundamentally the
obtalning of X 31, which leads to a multifold reduction in the number of
separation steps, reducing their number in many cases to one,

2, The possibility of separating the needed isotope, without affecting the
other isotopes. When an element has a number of isotopes intermediate by

Welght, it 1s possible by using frequency retunable lasers to tune in on the

absorption 1line of the needed isotope and separate it without practically
affecting other isotopes.
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3. Low power losses, Oited below are comparative power losses (electron/
atom) (1] for various separaticn methods. It may be seen that for most
traditional methods, power losses ave greater than for 1aaer losses,

Traditional methods:

1, Electronmagnetic separation 106-107.
2. Gas diffusion (for doy) 3x10°
" 3. Gas ventrifuge (2°y) | 4, 5x10
4, Distillation (for 1OB-HB) 10°
5. Chemical exchange (for 1%-1lp) 102
Laser methods
1. Dissoclation by IR radiation (for laser efficlency 2
of 10%) 10
2, JIonization or dissociation by visible or UV radiation 3
(for laser efficiency of 1%) 10
Thermodynamic 1imit 1072-40"1

4, Low starting period. For the majority of laser methods,the stationary
mode of operation is reached almost instantaneously. In traditional methods
the starting period may take several months [3].

5. Possibility of carrying out the separation process by using only laser
radiation. The absence in laser methods of such separating elements as plates,
membranes etc, insures mininal contact between the enriched product and the
surface of the apparatus and, thersfore, minimum contamination. This is es-
peclally important for separating radioactive 1sotopes.

6. Universality, Laser methods, with rare exceptions, may be used with
practically the same success for separating isotopes of any elements -- light,
intermediate and heavy -- unlike traditional methods, the efficlency of most
of which épend on the weight of the enriched product,

However, not all laser methods used successfully on a laboratory scale for
Separating 1sotopes in trace or even significant quantities are promising
for isotope separation on a manufacturing scale., A method potentially suit-
able for manufacturing vsage must have at least the following two features:
the possibility of generating the radiation required for the laser method with
an average power level from 1 kw to 1 Mw (depending upon the needed produc-
tivity); simplicity and efficlency of laser eguipment in manufacturing and
opsration. These.two requirements limit conslderably the number of methods
implemented on an industrial scale with the lasers known at present. Most
promising from this viewpoint today, apparently, is a method based on the
effect of 1sotopic-selective dissociation of multiatom molecules in a strong
IR field. In this method, radiation is used of probably the simplest and
cheapest pulsed 002 laser with a standard efficiency of 5 to 0%, the average
power of which eveni today is a kw,

6l
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Since discovering the effect of isotoplo-selective dissociation of molecules
[4] and separating sulfur isotopes by this methods [5], a large number of
experiments were made on investigating the physical nature of this phenomenon
and the possibility of its use for laotope separation [1.2.6]. It was shown
that molecule dissociation 18 a hlghly selective process, distinguished by
high efficlency and, therefore, may be used as a promising method for isotope
separation, Howaver, all thess experimants were made on laboratory inatalla-
tions with an average radiation power of the pulsed CO, lasers no greater
than 3 to 5 watts and, usually, with small volume of the dissoclation reglon.
As already noted, in .creating = an industrial proocess for separating iso-
topes, 1t is necessary to use CO, lasers with high average radiation power
(in the order of a kw and greater),

Naturally, such an inerease in the scale of the separation process produces
& number of problems, First, of course, it 1s necessary to obtain maximum
productivity of the process, For this, it is necessary to choose an optimal
arrangement for the process of obtaining a product with a given enrichment
coefficlent, The coefficlent of utilization of laser radiation must be high,
This problem is not so simple if it is considered that the required intensi-
tles of radiation may attain values of 107 to 108 w/on2 and the necessary
characteristic line of the dissociation reglon for the full utiligzation of
laser radiation may be several tens of meters. Moreover, using 00, lasers
with high average power, in principle, may originate difficultiss Felated

to the liberation of heat and to a reduction in the selectivity of molecule
dlssociation due to the heating of the gases, Finally, it is necessary to
select an optimal method for chemical bonding and subsequent extraction of
molecule dissociation products from the excited 1sotopic composition aftar
radlation,

Thus, only after solving all these problems will it be possible to create
an industrial installation for separating lsotopes. Therefore. the aim of
this paper is to investigate the indicated problems on the example of sepa-
rating isotopes of sulfur 348 and 323 when dissociating SF6 molecules by the

radiation of a pulsed 002 laser with a high average power,

2, Characteristics of Isotopically-Selective Tissociation (SEB Molecule)
Experimental investiaations of the dissoclation of a great number of multiatom
molecules indicated that the dissociation process independently of the type

of molecule, is characterized by a number of general parameters. Using the
results of investigations of molecule SFB [7,8] dissociation, we will cite
briefly its basic characteristics that we will need in the future,

Velocity of dissoclation. When irradiating sulfur hexafluorine by the intense
pulse of a COZ laser, a dissociation of SFz accurs and the concentration of
the irradiated molecules m decreases exponentially with time t or the number
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of irradiation pulses N so that

Mg esp (- wh), i
where n, is the initial concentration of the irradiated molecules. The
value ofwin (1) by analogy with chemlcal kinetics is determined as the
velocity of molecule dissoclation (during the pulse) in the volume of the
strong fleld Vo reglon. Expression (1) is written for the case when the vol-

ume of cuvette Vk= Vo. If they differ, so that I =\IO/Vk < 1, then for a con-
dition that during the time between pulaes the gas moves over the entire
volunme of the cuvette, it is easy to obtain

m=amg [1=T (l—e"")]Nnmn []_]‘ﬂ]”. I It

where the value of P follows from (1), is the portion of the molecules
disociating in the volume of the reglon of strong field Vo during one pulse,

The molecule dissociation proceés ina ‘strong IR fleld has a threshold nature,

The dissociation threshold, as well as its veloclity in SF6. is determined by

the density of the pulse energy [9] and not by its intensity, This, appar- -

ently, takes place until the duration of the radiation time is less than the

characteristic time between collisions,i.e.,the effect of collisions on the

process of multiphoton excitation of molecules and their dissociation may be

neglected, In the case of SF6, this corresponds to pressures p at which

p'tm P 30 nanoseconds-mm of the mercury column. The characteristic value of

threshold.energy density ‘for SF 1s @mp= 2,0 joules/cmz. At energles

higher than the threshold, the velocity of dissociation w is proportional

- to the cube of the energy density @ and the relationship between W and &
may be written for SF6 in the form

{"’ =) -} Wy (O/Dypp — 1)* At O = Dyep, @
w=20 at 0oL Dops

Where =10, W = 5x10™ for the P16 1ine of the 00, laser.
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Dissociation seleotlivity, When radiating a mixture of moleoules with various
sulfur ieotopas. a dissoolation of molecules oocurs of that isotope composi-
tion on the absorption reglon of which is tuned the radiation frequency of
the laser. AS a result of this, there is an enrichment of the residual mix-
ture of the 8F6 gas not exclied by the isotops molecules due to the "burning
out" of the others. In the dissocliatlon products and further chemical reac-
tlons, conversely, enrichment occurs of those sulfur isotopes which are in
the composition of the SE6 molecules being excited.

v'ra

0 2 4 7 wN
Fig, 1. Relationship between degree of separation Q and duration of radiation

(in units of w,N) of gas in cuvette (I'=1) at excitation of isotope A for
enrichment in the residual gas (1) and in products of dissociation (2).

::nj:::zﬁgiiﬁaiﬁas:::

[

R0 ilnloll

Flg. 2, Geometry of radiation:

a -- focusing by lens (dissoclation reglon cross-hatched); b -- Light-gulding
geometry; ¢ -- molecule dissoclation at frequencies ); and )Jz in the direct
beam,
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Separation coefficlent ol is the selectivity characteristic of the dissociation
process for the excitatlon of molecules of selected lsotope composition A
Wlth respect to molecules B of a different kind, The value of ¢, naturally,
dotermines the ratlo of the share of A type molecules, dissoclating during
one pulse to the share of the B type dissoclating molecules,

e A=Al 1808 Ba  )—exp(—uy)
® T = = “T=exp(—wp) @

When dissociating molecules with lsotope A, there takes place an enrichment
of the mixture by isotope B and, in this cass, the4 .. in the residual gas
is determined as
B); B '
Qoor (11 4) - ‘[I‘,]};': -[['/I}:. ' ®)

where index "0" refers. to the unradiated mixture and "N" -- to the
radiated mixture, Using (2), we obtain

1Byl \W
Qocr - 'l‘.':an-')

(6

Enrichment with i1sotopes A occurs in the products of dissociation and the
degree of 7,,,, separation is equal to

AL, (Al 1= =p D)V

Qup (A/B) - ST P

BB B T T () ?

The nature of the relationship between the degree of separation in the
residual gas and in the products of dissociation when irradiating a portion
of gas in the cuvette and the number of the pulse is shown in Fig. 1. As
may be seen, the degree of separation in the residual gas increases with the
proportion of radiation, and for a large enough number of pulses, it is pos-
sible to obtain a.ny previously given value of %c-r + The degree of separa-
tion in dissociation products decreases with the proportion of radiation,
For a small degree of molecule dissociation in the cuvette p,I'N<l , the
value (}nr attains the maximum value equal to the separation coefficlent

gur=BaBn - @, and thus 1s the selectivity characteristic of the dissociation
process.,

The investigation of enrichment in products of dissoclation of SF6 indicated

that when dissociating 3281“6 and a gas pressure of 0.1 mm of the mercury
column R = 25 to 30, The selectivity of the dissociation process decreases
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exponentlally with an increase in SF6 and a reduction of the valus of ot
by e times ocours when the SF6 pressure insreases by about 0,6 mm of the
mercury column, Therefore, when separating isotopas it is necessary to work
at pressures less than 1 mm of the mercury colum,

3. Geometry of Radiation and the Coefficient of Utilization of Laser Radia-
tion

Molecule dissociation in a strong IR field has a threshold nature and the
dissociatlion velocity depends very strongly on exceeding the radiation energy
density above the threshold w~@idyep)". , The density of radiation energy
at the output of the presently available periodic-pulse 602 lasers does not

usually exceed 1 to 1.5 Joulea/cm2 and 1s basloally determined by the beam
strength of the optical elements. Thus, in order to provide an efficlent
dissoclation of molecules in the volume of the laser beam, it is necessary

_ to compress it. At the same time, the characteristic dimensions of the
strong field region must be large enough to provide saimultaneously the maxi-
mum utilization of laser radiation.

Since it 1s necessary to work at gas pressures less than 1 mm of the mercury
column, the coefficient of nonlinear radiation absorption 7¢ris very small,
For SF, at p=0.1 mm of mercury column ?Crasio_ucm'i [?]. In this case, the
characteristic length of the strong field region may be several tens of meters.

The efficlency of laser radiation utilization is characterized by coefficient
I]=D0anEo. v (8) - ‘

wWhere Do -~ energy of molecule dissociation; hb; -~ number of molecules
dissoclating in the volume of strong field Vo; E° -- energy of the radiation
pulse,

The maximum value of the coefficient of radiation utilization Nrmax=1 is
attalned when all the energy of the laser pulse goes to molecule dissociation,
However, due to the fact that not all excited molecules have energy greater
than the dissociation energy, as well as because of difficulties in creating
a volume of dissociation region sufficient for the absorption of the entire
pulse, 77<.1 is realistic. To obtain high productivity, it is necessary to
attain '7) as large as possible, We will consider the available possibili-
tles. .

Focused geometry of radiation. In the simplest case, the region of a strong
fleld may be created by focusing radiation by a lens (Fig. 2a), Let the
dlameter of the radiation beam on the surface of the lens with a focal dis-
tance f be 2r°, the divergence of radiation ? y then, considering laser
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radiation in the form of a set of plane waves with a full aperture angle 2({) ,
we will obtain a radius of the spot in the foous :‘1:;:?. The density of the

pulse energy in the focus Wy =2 Byl (nf2qY), » from which the focal distance of
lens [e=q=) | Egl(athy)] 118 + The length of the region in which the
) radlation density Dayly (>1), and its volume Vo are equal
PolVi =1 .2 E(V¥~—)) 9
o ro=~n &y (ro—ry) ' @
2 (V¥ =1 5_)’
o SE (&) 1o

We will evaluate the efficlency of laser ra.dia.tion_gtiliza.tion for typlcal
parameters of the laser pulse Eé: 10 Joules, (f.-.—.. 10 7 radians, 2r°=3 cm, We

will select for SF6 the energy density at the focus from the condition that
#1, which corresponds to@' = 14 ;]oules/cma. It was not beneficlal to select

& greater value of LW because then, as follows from (4), the dissociation
selectivity decreases. We will determine the volume of the strong field re-
glon from the condition that on its boundary W=0,1, which corresponds to

Y=1.9 (it is easy to show, using (3), that the greatest part of the mole-
cules are dissociated in this region),

Using (10), we will determine the volume of the region of the strong field
Vo R 135 emd. Bnergy of the SF6 dissociation on SF6+F is equal to 3.3

electron volts, Using (3), it 1s easy to obtain p=NyN=03. . Finally,
from (8) we obtain that the coefficient of radlation utilization in the con-
sidered case is W = 0.8%.

It follows from here that a single focusing of radiation by a lens is ineffi-
clent. The radiation must be focused several times in sequence, However,

it is more efficient to utilize a wavebeam guide [10] for creating a strong
field in a large volume.

Wavebeam guide geometry of radié.tion. The wavebeam gulde (Fig. 2b) is a
metal tube with a well-polished inner surface, Laser radiation is focused
within the tube and if its radius ry is smaller than ruap=(Eo/n®nep)?,

then the gas within the wavebeam guide is dissociated. Due to the absorption
of radiation by molecules and walls of the guide by reflections, the density
of energy radlation is decreased along the length of the guide. Therefore,
1t is natural to select a length of the guide on the basis of the condition
of equality of the energy density at its exit and the threshold energy for
dissoclation. We have from here

exp (KL) =D /dy;0p, ()
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where (IJ, -~ energy denslty at the wavebeam gulde entrance, It was assumed
here that the radlus of the guide is approximately equal to the radius of the
light beam at its entrance rinsfq’. The absorption coefficient per unit

length Rt Myl g 1s written in the general form. The contribution

to absorption by molscules X, and walls X will be evaluated below. For sim-
plicity, we will assume that the radiation energy distribution is uniform
over the oross sectlon of the gulde. Then, using (3), we obtain

Ny o mgrd 5 {w‘ -+ wy [W - l]a} d.x, “(12) .

where m, == density' of molecules exclted by the laser, while t_he length of
the guide L 1s determined from (11).

We will introduce a nondimensional parameter 2=0y0p/0,. + Inte-
grating 12, we obtain

Nyss(nmo§ %)k (2), ' (13)

where function h(z) has the form
h (=g (Vs (z3=1)=; (2=3=1)+3 (~'—1) H-(wy—w)in 2 (14
Parameter z changes from z=1, which corresponds to the dissociation threshold, .

to 2=0.14, which corresponds to the dissociation velocity of the wavebeam
guide W=1 at the gulde entrance.

From (13) 1t is easy to obtain the expression for the coefficient of radiation
utilization: : .
N DoNp/Eg=(Dgmy/xDy)h (2), ‘ (15)

It follows from (15) that the situation 1s optimal when the absorption by the
walls of guide X, is less than the absorption by molecules X ro

We will evaluate the absorption coefficient for reflected X o using
known metal optics formulas [11]. At incidence angles Y , near /2, the ab-
sorption coefficlent 1s proportional to angle 1%-7 and it may be presented
in the form
R y=uy  (ni2—) (16)
for a wave, polarized in the incidence plane, and
‘ Ry =a, (a/2—y) (17)

for polarization in the plane perpendicular to the incidence plant. Values

T1
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of H and 4 are determined by the properties of metal and for copper
all=12.7, a=1,4, Knowing «ll and ¢, we will evaluate Y+ The
characteristic incldence angle for ths gulde wall Pyua/2—r,f, Where r, is the

radius of the beam in the plane of the foousing lens; f is its focal dis-
tance., Characterlstic distance X, from the entrance of the guide on which

the greater part of the radiation encounters the first reflection xy~2r, (n/2—yy)=',
Since, when reflecting from the cylindrical surface of the guide, both pol-
arlzations axre probable, then for A, it may be written approximately

~20h8, M2y oy tbay K a4y tay g o) wD, \
e e e ity skl Ll - B L

We will consider now ' numerical examples for dissociation of 328F and pres-
sure of gas p=0.1 mm of the mercury column for the case of a copper wavebeam
gulde, As before, we will assume for the parameters of the laser beam

r = 1.5 cm,q).-;io‘ radians, The table for various energles of the laser

pulse and parameters 2 shows ){C. n and the caloculated length of guide L at
pressure SF‘6 0.1 mm of the mercury column, X.=10"" cm . ‘

It may be seen that at relatively low energles Eo$ 5 Joules losses in the
gulde are basically related to absorption when reflected on walls, since the
small amount of energy requires more rigld focusing of radiation in the guide
and increasing the number of reflections. In this case, a strong dependence
of pulse energy on values of N,u,"“EZ/ z,nw E3/ 2 is observed. For pulse ensr-
gles Eo > 5 the basic role is played by SF‘6 molecules and, in this case,

'\'IU'N Eo and Ui depend very little on E 0* Evaluations done show the wavebeam

gulde geometry permits raising considerably the utilization coefficient of
radiation by a lens. Thus, for Eo-_- 10 joules in wavebeam guide geometry

M= 17% instead of 0.8% for focusing. The shortcomings of guide geometry
include rather rigld requirements for the quality of the inner surface of the
gulde. However, as follows from the table, even at K>, the gulde geome-
try insures a conslderably greater value of 7 compared to focusing.

Two-frequency dissoclation of molecules, Another approach to the problem of
increasing the efficlency of the separation process is using a two-frequency
excltation of molecules [12],

For two-frequency excitation (Fig. 2c) the "weaker"field at frequency V,, pro-
duces isotope-selection excitation of molecules at several oscillating levels.
Further excitatlon and dissociation of molecules is done by the "strong"
fleld at frequency <, , tuned usually to the red side from the molecule
absorption band. As shown by the first experiments (13, 14], in this case,
velocity of dissociation W increases sharply, while the dissociation

T2
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throshold decroasen to neveral tens of Joules per mquare centimeter., This
impurtunt olrcumstance makes it possible to work with direct beams without
foousing the radiation, At the same time, at two-frequency excitation, there
1s an inorease in the diusooiation solectivity, especially in the case of
molecules with a small isotope shift in the osclllating spectrum, typical
for heavy elements,

Caloualtion of Wavebeam Guide

i 3
( )ﬁ.»l( 2 S s [y
2
poloaef19 | 0214
0,251 9 13.910,7
0,36 ) 5,8 | 16 {0,27
o |08] 69 23 |36
0,26 3,61 3 |1,6
0,36 2,0 | 34 |o0,69
0,161 24| 64 | 7,8
o loos| 12| 63 | a3
0,36 | 0,7 | 60 1,1
7 (o] 10 e [u
0251 0,5 | 92 4,7
036103 79 | 1,4
10 0,161 0,6 | 115 | 17
0,251 0,3 | 107 | 5,6
0. 0.2 8 | 156

1. Eo, Joules.

Thus, when retunable lasers are avallable, which provide the neceasary de-
tuning between freguencies of excitation ), and dissociation vV, , the use
of the two-frequency method solves the problem of utilizing radiation and
providing high productivity of the separation process,

k. Selection of the Optimal Arrangement of the Isotope Separation Process

An 1mportant parameter, which characterizes the separation process, is pro-
ductivity -- the amount of product with a given content of the desired
isotope, obtained per unit time. Its value, naturally depends on the re-

guirad degree of separation and the initial concentration of the desired
sotope x° and, for fixed parameters of the laser, is determined primarily

13
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by coeffiolent 4 , dissociation seleotivity ot and the selection of the
separatlon arrangement. ’

Lot thero be a mixture of two isotopes. Usually it is necessary to obtaln
a strong inorease at the exit in the content of the "poor" ilsotope. As
mentioned in section 2, this may be achieved in two ways, The "rloh"
isotope may be dissoclated and enrichment of the desired lsotops in the
- residual gas may be obtained, However, for an equal coefficlent of utiliga-
- tion of laser radiation, more benofioclal is a process in which dissoclatlion
of the desired isotope and the enrichment of 1t with products of dissoclation
are produced directly. Actually, energy required for the disscclation of one
moleclule is equal for both isotopes, however, the initial product contains
in (1-x°)/x° more of the rich isotope compared to the zoor, desired one.

Therefore, even at optimal (see below) dissociation of the rich isotope, the
radiatiom inoreases by (1-xo)/x° times. Thus, for equal utilization of laser
radiation when dissoclating the desired lsotope

in 1Q=xe)xq 6 (19)

where‘;b -= productivity when étssooiating the rich isotope. However, this
gain is realized only foraL§>x° , when all the absorbed energy of laser
radlation goes for dissociating the deslired isotope. In the converse case,
when A <& xgi. basic energy expenditures when radiating the desired isotope
are related to the dissociation of the rich isotope and the gain in produc-
tivity will be considerably less than follows from (19). This case is real-.
ized, for example, in concentrating heavy water, whose content in nature is
x =0,01%% and it is difficult to expect that o > 7000 can be attalned.

It may be shown that in the general case for an arbitrary relationship
between o and x_, (x < 1),

1= ax,
f= " TFRe=T e

In the case where o <& xgi we obtain from (20)

jw=ajg. - (@n

We will now evaluate the productivity of the enriching process in cases where
the desired isotope, or the rich lsotope are dissociated. Let the region

Th
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of atrong field Vo 1n ouvette Vk be oreated by one of the methods in seotion
3 and, for simplioity, we will assune that [= Vo/V= 1. We will consider
that the portion of molecules of the exclted isotops, dissoclating in this
volume furing a pulse, is equal to F » and of the nonexcited (dus to finite
selectivity) -- f =p/¢ .

4.1. Dissociation of the desired isotope, In this case, as follows from
(7), fora aingle radiation the degree of separation in dissoclation prod-
uots 9y =a. If. 1t is neceasary to obtaln Q >0l then the products of the
dissoolation can be restored anew in the initial molecule and the radiation
repeated, In each such step the degree of separation Q= and after n steps

= (fip ) =an, @

Since, in the considered method, a1 (b = 25 to 30 for 8D6). then
compared to traditional methods, the number of steps is reduced sharply and
in case of q < oL 18 reduced to one.

Let there be an initial mixture M containing quantity “o of the desired iso-
tope and m of the rich isotope. We will assume that an equal portion of the
excited molecules is dissociated at each step., Then, after n steps we will
have Mn:; Mo F" of the desired isotope. We will determine the minimum number
of pulses required for carrylng out this process, We will assume that at
each step, the total number of molecules in the volume of the strong fleld is
constant,i.e., p= HI+ mI:const. It 1s then easy to show that at the i-th
step the number of pulses at & 51

Mopi=t 1
e @
The total number of pulses for n steps

Mo, 1—B™t 1 1= M
Momzhy = [y B g S M @4

For p< 1, %< 1,0 > 1 y value of y Mx;i and the radiation time are

(£
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determined in the basic time of the firat step because N'i'.-r. (Mo/p) xgi.

Finally we have that the produstivity of the process when reaching the
separation degrae Q=M 1ia

In=(Mnekmn)0/Nyse (¢o/2)BRp0= (xy x)p"Lyy, (25)

where x -~ the final content of the desired isotope; 8 -- frequency of pulse
repetition; Lu' == flow of initlal raw material, while the number of steps is
equal to n=1nq/lne¢ .

Reallstically, apparently, it is difficult to obtain B > 0.5 to 0.6,
therefore, at smaller values of /3’ since the time of the entire process is
determined basically by the length of the radiation time in the first step,
it 1s neceasary to increase the radiation time in the following steps in
such a way that when the gas passes through the radiated cuvette, it would
be subjected to several radiation pulses (their number 1 > 1). In this
case, the portion of dissociated molecules of the desired isotope will in-
creaset

8= [1—-(1—p)). (26)

For such a separation process the productivity will be
g (xo/x)fidr=1Ly, @n

n
and the separation degree after n steps 9= [la . Comparing (25) and (27),
We see that the productivity in the latter :::ée may be considerably higher,
especlally at small '5 . If the laser can excite the desired isotope as

well as the rich one, then the optimal process will appear as follows. The
dissoclation of the desired isotope is done ‘in the first step and dissocia-

tion degree qmuo. 1s attalned, Since a 31, isotope concentration becomes
comparable, and in the second step (after chemical conversion) the already
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unneaded rich lsotope 1s dlssoclated up to obtaining the required concentra-
tion x of the desired lsotope in the residual gas. The duration of the second
step is conslderably smaller than the time of the second step for

&>1:73?Tﬂluw|hu) + Therefore, productivity is determined only
by the duration of the first step, and for the entire process it may be
weitten:

Tone={xo/x)BLy, . (28)

4,2, Dissoclation of the rich isotope, If, for some reason, the dissocia-
tlon of the desired poor isotope is impossible, the enrichment process may

be done also by the dlssociatlon of the rich isotope, although the produc-
tivity in this case, as mentioned before, is smaller. Such a situation is
reallzed, for example, when enriching isotope 3uS, since the region of the
retuning of existing coz lagers does not provide for the possiblilty of ef-
ficlent dissociation of 3u‘.?.l"’é and the process of enrichment may be carrled
out only by dissociating 328F6. In this case, two possibilities for carrying
out the process are available which in simplified form, appear as follows.

Mode of “"deep burn-out." In this mode, the gas in the cuvette is irradiated
up to the obtalnment of the given enrichment of the desired lsotope in the
remalning initial product. After that, a new portlon of gas is passed into
the cuvette. Thus, at the output we have at once a product with a given

degree of aepara}ion Q. If the initial amount of the desired isotope in
the cuvette is Mo and the rich one m:, then after N pulses

My Ma(l_p,)N Maexp(—w,N) u iny=mg(1—B)N==mgexp(—wM),

and

m;, =m) () -—p)”: m} exp (-wN),

7
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from where the degree of separation is

My M,
qu= —’;‘.-v——:-'—n-;—a-.:cxp [(w—wy) N].

% the number of radiation pulses to obtain the given g

Ne=ln gl(tw-—wy), (29)

For w< 1, the separation coefficient oL = w/ws. Taking into account (29)
We obtain

M;,-_-.Maq‘wu/(w—wn)azMaq_”(“"l), ' (30)
m;/._:m;q—wl(w—w,),._m‘; q-al(a-l)' (1)

and content x of the desired isotope after radiation is

M) 1
L (32)

My-Fmy 1+ (mo/Mo) 47"

In this case, the productivity of obtaining product Mﬁ,-}-m; with enrichment
q and content x at a frequency of pulse repetition P 1is equal to

(33)

Ip ==

(My-Fmy) 0 M (—w) =YD xy (w—w,)qT !0
N = xing = xing !

I 78
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where X, =~ initlal concentration of the desired isotope; L P flow of ini-
tlal raw materlal at the entrance of the cuvette,

However, such an arrangement of the enrichment proceas when obtaining a
sufficlently high value of q is not optimal from the viewpoint of obtaining
saximum productivity, This is due to the fact that the quantity of dismso-

- clated mulecules NA = mzwé' wﬁurine; one pulse deoreases with the time of
radlation as the excited molecules burn out, This lesads to & reduction in
coefficient ¥ (8) and to a reduction of the process productivity as a whole,
therefore, the separation process must be done differently.

Mode of constant partial pressure of dissocliated rich lsotope. To attain
maximum productivity, it 1s necessary to provide a constant maximum NA
during the entire enrichment process., This condition is met by maintaining

- constant pressure of the excited rich lsotope in the cuvette., As an illus-
tration, we will consider the following simplified arrangement of the process,

Let there be a certain amount of initial product so that the mass of the de-
slred isotope is M o and the mass of the rich isotope is me The gas is
pumped through the irradiated cuvette and at any moment of time it contalns
m: of the rich isotope being dissociated at partial pressure p. To obtain
high productivity, it is necessary to have such a speed of gas pumping that
during its passage through the cuvetteam*/m: < of the amount of irradiated
molecules succeed in being dissociated, In our case, the cuvette volume is
equal to the volume of the strong field, which corresponds to a single gas
radlatlon in the cuvette, so that Am"m;s P « After irradiating all the gas,
it is cleaned of the dissoclation products. This radiation cycle is repeated
at the same partial pressurs of the excited isotope etc, In this case, dur-
ing the entire enrichment time, the values of NI’, and, therefave, 77 are
maintained constant. '

In each repeated cycle, the total gas pressure will increase due to an in-
crease in the partial pressure of the desired isotope. Such cycles must be
repeated up to the attalnment of the given degree of q enrichment. Since,

in each cycle there is produced 4 m/m:-_p of the rich isotope being dissociated
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and because of finalseleotivity 4M/M = B of the desired one, after n
oycies we will have

4= [1=BO=p) 1 (®4)

Comparing (22) and (34), it is apparent that for dissoolistion of the rich
isotope, the number of cycles and enrichment steps increases considerably,

It 15 easy to show that the number of pulses in the i-th cyole is

Nl"ﬂ (1 ~5)"‘11;°/1n; . 35)

From here, the total number of pulses for enriching the initial amount of
gas 1is

= Mo, N\ - I—(—
Mo = 0 ‘):. u—mn-_-ﬁ‘-g'\%m_ )

After n cyclea, the remaining quantities of q are: the desired isotope

n
Moo= Mo(i —ps)n and of the rich isotope m = mo(i-F) . From here, we ob-

tain for productivity in the mode of constant partial pressure

0 (Mp + mp) XoBqly
= = F TR &

where L, -~ flow of initial raw material; x -- final content of desired
isotope, Since

(1=p)=rn=gllo=vy) & pla—1)

at (<1, we obtain from (37)
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L
In '? -(;d;r.?g,,ﬂ:_—l-)- . (38)

At low values of q, the value of 3 approach J. (35) and at
ge= (1=B)/(1=B),

1.e., for one cycle of radlation anjr .

From (33) and (37), it is easy to determine the ratio of productivities in
these separation arrangements for dissociation of a rich isotopet

| ] |
R

Fig. 3 shows a result of calculating the value of X, depending on q fora=30.
As may be seen, the mode of constant partial pressure of the isotope being
dissoclated 1s considerably more beneficial compared to the mode of deep

- burnout,’

It should be noted, however, that while a galn of 3 to 4 times in productivity
is entirely attainable, it is unrealistic to obtain a 1Q-fold gain., This

is due to the fact that in calculating Jn ' iﬁ. was assumed that the selec-
tivity of & during the entire process 1s constant. However, due to an
increase in the partial pressure of the desired isutope, as it is being
enriched, & decreases. Thus, for example, when enriching sulfur isotope
3“5 to x=0.,999 (natural content is 4.2%), as a result of dissociation of
3281“6 (content of 2y . 95%), in the last cycles the pressure of S SFg will
be p(3'*sxr6)mooo, p,(*?SF¢)=100 mn of the mercury colum for p,(PZsEg) 0.1
nn of the mercury column, At such a pressure the value of o, will drop
sharply. At the same time, for x =0.8(q=96), when (=5, at the end of
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Fig. 3. Relationshlp between the productivity ratio in modes of constant

partial pressure and "deep burn-out")=J /Jr for the dissociation of the
n

rich isotope.

process p (%SF6)Q, 3.6p°:. 0.36 mm of the mercury column and, in this case,
the selectivity is still high («3>1).

5. Calculation of Productivity (on Example of SF6)

We wlll evaluate the productivity of the enrichment process of an isotope

for a natural content of 3""8 and 3 2S isotopes in the initial raw material.
The enrichment will be done in a wavebeam gulde geometry of radiation in the
mode of constant partial pressure of the rich 328F6 isotope belng dissociated.
From (13) and (i4) it is easy to determine the portionp of 2 2 SF¢ molecules
being dissoclated in the volume of the wavebeam gulde during & pulse:

B =1/, “0

In particular, for z=0.14, ,\g::o.ié. Therefore, it is necessary to renew
the gas 1n the wavebeam gulde fully during the time between pulses. This may
be acheved vy pumping gas, for example, through longitudinal side slots in
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in the gulde., The slze of the slot is sehsibly selected on the condition
that radiation losses on it do not exceed absorption losses in the guide.
Evalua‘oiops show that for r°=1.5 om.nf=10"3 radlans, g := 0,14 the width of
the slot changes in the interval (6.5 to 60)9:10':3 on at 1< B4 10 Joules,

For these slot sizes the condition for the speed of pumping is fulfilled with

& reserve: total gas changes during the time between pulses up to & = 100 Hz, ~

Let laser pulée energy be Eo 10 Joules, frequency of pulse repetition

6 =100 He, partisl pressure of 28K 0.1 mm of the mercury column, We will
determine the productivity of Jn for 96-fold enrichment of 348 isotope
(final content x=0.8), Under these conditlons, the average selectivity
during the entire process is o =15, Utilizing (38), we find that for an
average laser power of q,1 kw, a coefficient of radiition utilization N=17%
(see Table), the productivity is 3,7 grams/hour of sulfur with a content
of '8 x=0.,8. As has been shown before, the process of j"*S enrichment by
dissoclating molecules with the desired 3481-‘6 molecules would be considerably
more beneficial, In this case, for the same valmofn:i?%. the productivity
may reach

. 1=x ©Xo ~
== TR e=n =%

An important feature of the considered laser method for separating isotopes
compared to the traditional ones is the considerably lower flow of raw mater-
ial at the entrance to the installation for an equsl degree of separation
and productivity. Actually, as shown in [3], in traditional methods for
obtaining at the exit a product with contert x for an initial content Xy
the requirqd minimal flow of raw material will be I"l" so that

jr = (xolx)ely, (41)

where & =X -1 -- coefficlent of enrichment.
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In the mode of constant partial pressure, we obtain from (38) at o 1
In = (xo/x)Lan. I “2)
From (41) and (42), we find that at dp=dy
Ly=(e/p)Ls. (43)

Since, in traditional methods & = 10'2 to ‘103 » the flow reduction is quite
considerable. This is due to a considerably greater selectivity of the
laser method of separation.

Thus, the evaluatiorscited above of the productivity of an isotope separation
method based on the dissoclation of molecules in a strong IR fleld, taking
into account the available prospects for further development (the utilization
of two-frequency excitation) show that this method may be used successfully
for separating isotopes on an industrial scale,
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PHYSICS

UDG 535.212

ESTIMATION OF THE INTENSITY OF SOUND WHICH ARISES UPON LASER LIGHT PROPAGA-
TIN IN THE ATMOSPHERE AND ITS EFFECTS ON THERMAL BLOOMING OF THE BEAMS

Moscow KVANTOVAYA ELEKTRONIKA in Russlan Vol 6, No 2, Feb 79 pp 327-330

[Article by V. V. Vorob'yev, Institute of Atmosphere Physics (Moscow),
submitted 20 Mar 78]

[Text] The intensity and shape of sound pulses which arise upon propagation
of laser beams in tha atmosphere are calculated. The feasibility of measur-
ing these pulses 1s estimated. Changes are consldered in focusing the prop-
erties of the refractive index inhomogeneities that are formed in the atmos-
phere under the thermal effect of modulated laser radiation. It is shown that
with spatial-temporal modulation, self-focusing of a portion of the beam is
possible, -

Many papers have appeared recently (see, for example, [1-5]), dedicated to
theoretical snd experimental Investigations of the generation of sound, time
w:odulated by las?r radiation in ligquids with a high absorption coefficient

- ( X >0.1em™), It should be rxpected that a similar phenomenon may

' also be found when powerful laser beams are propagated in the atmosphere.
Although, due to the small absorption cosfficient of. air which, in the visi-
ble and near IR bands, will be small, changes in the pressure and density of
the medium in the beam may exceed those that are caused by electrostriction.
Therefore, in calculating the self-action of beans, they must be taken into
account first, Moreover, the intensity oi* these sound waves is high enough
to be measured, which may be found to be useful for the remote determination
of the power and dimensions of the laser beam,

1. If the duration of the laser pulse {s small so that heat transfer from
the beam, due to molecular heat conductivity and convection, may be neglected,
the change in pressure p and of refractive index n of air may be described by
equations ' .

OPPIOf—u*d ) P=u(y—110J/0 W
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o afy—1) (g —1j ¢ iy .
T Ay o JA_L t )

where y = o,,/o $ u -~ apeed of sound; n o P, == undisturbed refractive in-
dex and denaityx J(x, y, g, t) == power density of laser radiation.

Speclal features of sound radiation in a Weakly-absorbing medium is that
intensity J changes weakly along axis %, along which the beam is propagated;
therefore, the sound source is oylindrical and is not a point source as in
strongly absorbing media, :

We will consider first how pressure varies with time at distance r away from
the center of the beanm, assuming that the distribution in it is Gaussian
along the transverss coordinates and step-shaped with respect to time

J06 b 2, t)=s(Winad)exp [—(ed-1-yt)/at (), ®
(W=~ power of beam), The solution of equation (1) may be written in the form

TR n LA Y

2n%ua .
o r—=—u
it B4
- X exp ("‘—ai"‘) (a3 —(r— ) — 0 =dy, )

ViR =

- For r > a integration boundaries for 1 may be replaced by I oo and values
of £ and 'rf may be neglected as compared to rg in the denominator of the sub-
Integral expression. As a result of integration we will obtain

Py = tob) f (’—'ai') (5,

wVar @)

where

Dy -- function of a parabclic cylinder. The curve of function f(§ ) is
shown in Fig, 1. 1Its aaymptot?.c behavior [~ (W/2EN* exp (—8Y)  for
o0, f()— In/(—B)I'* for ., o

To determine the change in pressure in the reglon of beam propagation rga ,
it 1s convenient for the solution of cquation (1) to use Fourier's trans-
formation along transverse coordinates x and y, For the more general case
than (3) of harmonic modulation of intensity with timo
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/
W 2L 0
Jra ~hai exp (__x_;];y_) cos Q10 () (6)
we will obtain w - ~xlg?

- exp (——)
P(r, t)y=200— .')Wy xP( 4 ) °(w)n><

) 2n Q3 — ik

: 0

= (Qsin Qf — ux sin uxf) dx, LU]

In the center of the beam (for r=o)

w x2g3

W 2=nw """(““4‘)“

P(0, 1) — j iyt (Qsin Qf — ux sin uxt) dx, (8)
¥ ;

For long intervals of time ut > a, the integral of the second addend 1is
approaching asymptotically to zero:

3 %2 exp (— x3a?/4) sin uxt

2
QT an de~ =gy for U> 1. iy
The harmonic member is equal to

. al(y—1) W
PO, t) =Py (g;,é)sinm. where Po="'_?m‘)‘_, t0)

g (x) = xE} (x"‘) e} E'; -- Integral exponential function
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F3]

‘ j exp e,
equal to the value of Integral Sw
The pressure amplitude has a maximum at frequency @a282u0,  which
corresponds to the length of the sound wave An=2230 o In this case,

g= 0, 950

We wlll compare, first, the change in pressure for a thermal effect of radia-
tlon with a change in pressure due to electrostriction Purp=22(ng=1) W/inead) ,
where ¢ 1s the velooity of light, For air parameters

Nyg=1=22,0: 10=3, ps]2e ()4, =} =0 cn=d, we will have PGI‘P/Po —

8x10_5 n/a, l.e., change in pressure due to absorption of laser radiation is
usually much greater than due to electrostriction, ‘

We will estimate the possibilities of measuring sound pulses generated by
laser radintion. The minimum measurable level of sound signals when using
capacitor nmicrophones is determined by the level of thermal acoustic noises,*-.
Which may be evaluated [8] by formula ' Pyy=10riupoAfis,

where m -+ mass; v -- average veloclty of molecules; S --area of membrane;

p0 -~ alr pressure; A f -~ width of frequency band,

For normal stmospheric conditions and S=1 cmzP =3.4x10'12( Af)% ba.r/Hz%.
the pressure in the sound pulse will exceed this level at

WIBT]>20(aln r [m 16F{(H2) 5, 1y

2, In [7], 1t was shown that for uniform distribution of intensity in the
transverse cross section of the beam and its sharp drop at the edge, self-
focusing of the beam is possible during the time,while changes in pressure,
due to weak absorption,do not succeed in equalizing, i.,e., for ut <€ q .

It is shown in this paper that in the case of beams with Gaussian distribution
of intensity, absorption alvays leads to blooming, In the presence of the
small-scale spaiial structure, however, besides temporal modulation, a self-
focusing of a part of the beam is possible. In this case condition ut <a
1s not necessary.

On the basis of equation (2), we will consider the change with time of focal |
distance F of thermal lens, determined by relationship

F= Z|ALn(0)|-1A,

*Minimum measureble level of sound pressure, corresponding to an electronic
arrangement of amplifying Pyn at high enough modulation frequencies may be
smaller than Pak' According to [6], for example, for an arrangement of
optical-acoustic measurements with a microphone and preamplifier

by the firm of Bruel and Kjaer: Paﬂ/Pak—:.iéO/f(Hz).
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with sign F=signd, n, i.e., that inhomogeneities of the refractive index

forming in the medlum will focus the beam for A n, < 0 and defocus for
Ajn > 0, Using Fourier's transformations for solving equation (2)

for an intensity distribution J(xy,t) in the form (6), we will obtain for
function 4) n expression

Cex {0 (2 i Ot . <l &
Aun() =A@y, 1), h=| Bexp (=g Gsin@ify —Qysinity) .

(12)

b Q (8 —a))
8 —1) (a—1aWw aQ
A= aputas v Q=g t=ulla. (13)
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The curve for function h ( Ly ti) for values SZ, ytrils shown in Fig, 2
for large times t, > 1, £ t, > 1, function h(y,t,) 1s equal to

Ky, 0)=ho(@,)sin Q,1,,
ho@9)= 1120 I1+23—0{ £} 03, {5
|
hol91)=’ Tl e G2l
e,y 19T o g,

The relationship between function ho and frequency of modulation S?'i for
5?.[ ~1 1is shown in Fig, 3,

Fig. 3
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It may be seen from Fig, 2 that the modulus of function h decreases with an

increase in frequency S¢,, therefore, in the case of temporal modulation in
the 1ntensit& in the for* ' J{t)~ (1= meos QO)O(1) (M D formed
in the medium, the thermal lens is always a defocusing one.

The temporal intensity modulation, however, may lead to focusing a part of
the beam when there 1s a small-scale spatial structure, for example, for an
intensity distribution in the form

J=1J, [exp(—-i}t;-!i:—)q—mcosm exp (-——fl:‘tla—)] 0 ()
—1 —_—
An (0, 1) = 8(y :):::a 1) at, [h (0. 2_:_‘_)_*_'1';. i (%_ll“ 2‘1“1)]' (16)

where h( §¢, t) -- function determined by formula (12). For dimensions of
disturbances 1, less than the width of beam A , expression(16) as may be
seen from Fig, 2, may be negative,i.e., self-focusing may originate, For
@2 1, when the first addend in (16) can be neglected, time intervals, dur-
ing which focusing and defocusing occur, are determined respectively by con-
dition h(%,t) < 0 and h($2, t) > 0. The characteristic length of the
self-action of modulated radiation at ut 2> 1 may be evaluated by formula
8(y—1)(ng— ) aym o (*{2%)

F=2= pott®l
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UDC 351.41 621,375,826
FORMATION OF LASER BEAMS WITH IMPROVED SPACE~ANGULAR CHARACTERISTICS
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 331-336

[Article by A, V. Gnatovskiy, A. P. Loginov, N. V. Medved', M. V. Nikolayev,
M. T. Shpak, Institute of Physics AN Ukrainian SSR (Kiev). submitted
20 Mar 7387

{Text] The possible transformation of laser fields by means of the two-
component optical system is considered. 4An insigrificant dependence of

the transformation results on the transverse-mode structure of the initial
fizld ls established, Experimental results are presented which illustrate an
improvement in the space-angular characteristics of transformed beams,

It is well known that the complex transverse-mode structure of laser radiation
causes a large Clvergence and a comparatively low spatial coherence of the
llght beam, This frequently limits the use of lasers with such beams when
solving a number of scientific and application problems. Therefore, the
development or efficlent methods for the transformation of complex laser
flelds into beams with a spatial-angular structure remains an urgent problen,

In using nonresonance correction methods for this purpose it is possible to
apply a holographic method in which a hologram compensates for the distortion
of the wavefront of ‘he transverse-mode and, therefore, forms a beam with a
Plane wavefront and a reduced divergence (1,2]. However, the efficient use

of such a method requlres a high spatlal coherence of the mode being corrected
(for a quality record of the hologram) and its stability (for precise com-
pensatlon of the wavefront), Llaser radiation does not always meet these re-
quirements. Moreover, materials which make it possible to record holograms
efficlently have still not been developed for all wavelengths.

This leads to the necessity of creating arrangements of the nonresonance cor-
rection of laser flelds which would make it possible to avoid the enumerated
difficulties. We consider it promising to use for this purpose a two-element
optlcal system, which first splits the laser fleld into a series of secondary
beams and then makes it possible to synthesize from them, by means of a forming
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olement, a beam with the desired spatlal-angular characteristics practically
Indopendent of the structure of the initial radiation [37.

1. Formation of Coherent Light Beam by a Two-Element System

Wo will consider the optical system shown in Fig. 1a, PRadlation of laser
1 that generates transverse-mode Tmoo with wavelength Ao 1s expanded by
telescope 2 andis split by light-separator 3 into two beams. One of thenm
serves as a reference beam and is directed to the hologram at angle @- while
the second beam is passed through a spatial wavefront modulator 4 (a phase
transparency with a transmission coefficient +(x, y,), Xgr ¥ == spatial
coordinates in the modulator plane). Radiation diffracted by the modulator
interferes with the reference wave in the plane of hologram 5, located at
distance do from the modulator, The signal beam field may be represented
in the following form with an accuracy to a complex constant:

Vo (0. yo) ~ Sf to (¥, yy) exp {‘ Tﬁ;“ [(y = xg) (Vx“!/o)']}dxxdylv )

where X ¥y =" spatial coordinates in the plane of the hologram.

Thus, according to (1) Fresnel spectrum of modulator 4 is recorded on the
hologram. We will now transmit, through the modulator-hologram systenm,
laser radiation of a long wavelength A and an arbitrary wavefront L (xi.yi)
Fig. 1b), with parameter d and t(x,, yi). generally speaking, that can

differ from d_ and to(xiyi)' used at the recording stage. The field incident
on the hologram in this case, like (1) we will record in the form

U (x6s 9o) ~j.5’(‘1- g Lxy. gy) exp {‘ ‘;nj {lxy —xg)* 4 (!h“‘yo)ﬁl} dudy,. (2

Immediately beyond the hologram, in its first diffraction orcer, will form
fleld

Wy (xa. ta) ~ 1 3(xa, tall/(te, o). )
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Fig. 1, Optical arrangement of transformation.

Its angular spectrum is observed in the focal plane of lens 6 with focal dis-
tance f and is described by an expression, representing the transformation of
Fourier field W, (xo.yo)l

b 2:
W(x, y) ~ ‘5 Wetxo. Yo) "‘l‘l" ;:,1 (*xq =~ yyo) | dxody,. 4
where x, y -- spatial coordinates in the focal plane of lens 6.
Substituting the expression for W, (x ¥, ) in (4), and taking into account
l

(1) and (2), we obtain the expression for the angular spectrum of the field,
formed by the modualtor-hologram system:
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W (x, y) o~ ‘\ ”.\’ (‘l' N\ f(\‘l' Ul)l (x|- !ll) 9"”{‘ T‘T:“l(ﬁ e Xg) oe

4 - m)'l] exp [f ;f {xxq - yyo\] exp [i g [ =2t -+ (Ux"‘yo)’]} %
s duydpy d¥diyd e dg ()
In case A,=1 , 1t 1s necessary to equate d =d and "hi. m);f(ﬁ'yd Expres-
sion (5) may be reduced to the fornm

21
W (x, 4) ~ U £ | (51 -+ B (g B0)] to (310 w1) L (00 01) exp[—iﬁx
X (qx+ yﬂ)] dxdyy, (6)

uherep::do/f. Expression (6) was obtained in [4] for the case of corrécting
the radiation of a helium-neon laser, Its analysis indicates that under cer-
tain conditions the structure of the transformed field W(x, y) will be deter-
mined to a great exteni by the transmission coefficient of the modulator rather

than the structure of the initlal field of the laser. In the limiting case

(when the Fourier spectrum of the modulator is recorded on the hologranm)

the angualr structure of the transformed field will be determined only by

the spatial autocorrelation function of the modulator or by the spatial

- function of modulators used when recording the hologram and its restoration,
The insignificant dependence of the angular spectrum of the transformed beam
on the field structureof the initial laser is achieved by using modulators
with such transmission characteristics that function L (xi, ¥y) may be assumed

to be smooth enough compared to t(xi, yi). This makes it possible to in-
crease the universality of the correlating arrangement described.

We will consider the case where A, % A . Expressions for purely phase
molulators may be presented in the most general form

to e )= exp 1 o0 Bome o, )] et () rect (), )
ey e exp ¢ bmmie ] oot (5] reet (), (76)

where comultiplier rect(xl/x)rect(yi/Y) determines the aperture of the
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modulator; J, andd -- geometrical depth of the rellief; n -- refractive
index of the modulator material; funoctien 2 (xi. yi) We consider to be
\ arbitrary.

By comparing (5) and (6) and taking into account (7), the conclusion can be
drawn that in the case of mesting relationships d=gd_ and =3, Je  ( vhere

&:k,/),) expression (5) leads to form (6), as also 4in case A,=A . Thus,
the two-element system may be simply retuned for the correction of laser

beams with various wavelengths, preserving the function form of the angular
spectrum of the corrected beam.

2, Flield Transformation of Gas Lasers

We will use the results obtained above for forming beams with synthesized
angular spectrum of gas laser fields, Flelds of these lasers are desoribed
by comparatively simple functions and may be reduced to Gaussian beams [5]
which makes the necessary computations easier.

Beam multiplication. We will dwell first on case AFA, « As a modulator,
we will select a phase diffraction grate with transmission coefficient

fx)==exp(it/ sptcos anx;)tect(x,lX). ® -

where . n=(2r/A )0 .3V -~ grate frequency ( a single-
dimensional problem is considered for simplicity). This case is of special
interest because it allows an analytical solution. Moreover, such a modula- -
tor is attractive by its simplicity and ease of manufacture,

By substituting (8) into (6) and integrating, we obtain an expression for the
intensity of the transformed beam

I@~ X 22@sinnve| L E—mpult, ®

where Jp -~ Bessel's ;‘unction of the 1st kind and the p-th order; in this
case We select the field of laser f.(xi) in the form of single-dimensional
transverse modes, type TEM [5] and neglect the finiteness of the aperture

of the correcting system, which is true for beams with a cross section smaller

than the modulator aperture. Expression (9) describes the energy distribution
in the form of a set of orders displaced with respect to each other by value
d=mnvalong axis X and modulated by corresponding multiplier Jj(usin avx). .
The intensity of these orders attenuate quickly with an increase in p. In

the most intensive zero order, due to comultiplier Jjmsinavps), , which
represents an autocorrelation-function of a sinusoidal phase grating £6]

and energy redistribution in the angular spectrum of the initial beam I S

is observed and several sharp maximums are formed within its limits with a
period .x-:2() . Their angular dimensions and disposition are determined

97
FOR OFFICTAL USE ONLY

I

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000100050032-0

e - ————

FOR OFFICIAL USE ONLY

by parameters v ,p, M and practically do not depend on the structure of the
bean being corrected, By varying parasieters v andp, it is possible to :
control the maximums, while parameter M determines the angle sige of each
one of them. Thus, the system consisting of .modulator (8) and a hologram
corresponding to it, can be used for multiplying laser beams with a stand-
ardiged angular spectrum, ‘

Fig. 2. Multiplication of corrected laser beams (ﬁ:u.S;/fe:?.B).

Fig. 2. shows the results of the transformation of a complex mode of a .
helium-neon laser (1=0.63 microns) into five beams by means of two periodic
modulators with equal periods, but various values of M « A reduction in
the size of the angle of each maximum with an increase in /M is observed.

The problem can be generalized for the case of a two-dimensional transfor-
mation for which it is natural to use two-dimensional periodic modulators,

In this case, 1t is possible to obtain fields with a spatial structure con-
sisting of equal periodically arranged groups with a bell-sha‘ed distribution
in each one of them,

Reduction in the beanm divergence. In a number of practical prodblems, a
laser beam with a low divergence and a high axis brightness is required for
this, The use for this purpose of periodic modulators with parameters for
forming only one beam, is not always feasible, inasmuch as in this case, '
the contribution of the zero membar in expression (9) falls sharply (accord-
ing to estimates, to 12-15% of the total energy of the transformed beam).,
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In such cases, it is necessary to use modulators that form only one beam
(L.e., modulators, the autocorrelation function of which has a & -shaped
nature (3, 4, 7], In partioular, it is possible to use & zone plate with
transmission as such a modulator of; -

pooox
t(x)mexp |4 =g €08 z53 (10)

(as before, we will 1imit ourselves to the consideration of a single~

dimensional problem), where parameter o determines its focusing properties.

Taking into accownt (10), caloulation of integral (6) presents certain dif-

ficulties and may be done on a computer. The results of the caloulation in
" the form of curves are shown in Fig, 3.

hew
m=0
A )
- 7 ..p”f,/l)
m=1
1L
7o
' m=4
c
0 Y N
‘ 2 X
Fig. 3. Calculated distribution of energy 6(.,:)(") in corrected beums

for transverse _modes 'rmoo' TEMM. TEMM.

Fig. 4 shows experimental results confirming the calculation made. Photo-'
graphs are shown in the far zone of a series of simple and complex trans-
verse nodes before (a) and after (b) corrections. Intensity distribution
Was measured by means of a photoelectric attachment with a scanning slot, .
The results of these measurements -are shown in Fig. 4c. The measurements
cited make it possible to conclude that in the order of 25 to 35% of the
energy of the transformed field is concentrated in the central maximum,
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Fig. 4, Correction of transverse modes of a helium-neon laser,

The use of modulators that have maximum symmetry or are obtained by super-

- imposing two type (10) modulators at an angle of 900, makes 1t possible to
obtain a corrected beam with a cross section in the shape of a point. The
same distribution may be provided by modulators with a stochastic phase
modulation diffuse-dispersing objects [7].

Change of wavelength of radiation being corrected. We will considexr the case
where the wavelength of the laser field being corrected differs from the
radiation wavelength used for recording a hologram (A,£2A). According to
the analysis shown above; it is necessary to utilize a correc:ing system for
this, in which paramsters d and § may be changed. To change the distance
‘between the modulator and the hologram, they are mounted on small tables with
microfeeds, providing precise motion of these elements along the direction
of the laser beam. :

- 100
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Fig. 5. Correction of laser beams with various ‘Wavelengths

The change in the depth of the contour of the modulator, while preserving its
spatial structure, may be achieved by the precise replacement of modulators
of the same type with different parameters § . JFor the case of a single-
dimenslional correction, difficulties arising due to such replacement may be
reduced. For this purpose, it is necessary to make a modulator considerably
elongated in the direction perpendicular to the direction of the correction,
with a changeable contour anu to change modulators by shifting this modulator
along this direction.

A single-dimensional zone plate 35x5 mm was made in which the contour depth
was changed linearly in the direction of the larger dimension. The working
section of the modulator was separated by a 4x5 mm dlaphragm within the 1imits
of which J could be coasidered constant, By moving the modulator in the
vertical direction by means of a microfeed, it was possible to achieve easily
the required change in parameter § preserving the spatial structure of the
modulator,

The correction results of laser beams with various wavelengths by means of
one retunable system are shown in Fig. 5. Radiation of a helium-neon laser
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( RT=0.63 microns) was used for recording the hologram., Also shown here

- are the results of the transformation of beams of helium-cadmium ( Ag= 0.4k Mm)
and hellum-neon ( A=1.15 miorons) lasers. Photographs taken before
(a) and after (b) correction and photometry results (c) show that the pro-
posed two-element correction arrangement is universal enough also with
respect to changlng the wavelength along with changing the transverse struc-
ture of the laser field. The obtained results open up possibilities for
transforming wavelengths of laser beams lying in the near IR band, for which
proper holographic materials are lacking so far,

3. Discussion of Results and Concluslions

The investigations made show that the problem of forming laser beams with
the required spatial-angular characteristics can be solved to a considerable
extent by using the described modulator-hologram system. The independence,
within a wide range, of correction results from the transverse mode struc-

, ture of laser radiation provides all the bases to assume that the proposed
approach to forming laser beams is not limited to flelds of gas lasers. Ac-
tually, from the analysis of expressions (5) and (6), it follows that for a
sufficiently frequent spatial modulation of the initial fleld, the structure
of the latter has small effect on the final result of transformation. There-
fore, with proper selection of modulator parameters, the class of transformed
fields may be broadened considerably, In particular, radlatlons of solid and
semiconductor lasers may serve as such fields as well as flelds at the exit
of fiber optics systems, Preliminary investigatlons made in this direction
gave promising results and made it possible to reduce considerably the diver-
gence of the discussed fields (see, for example, [8]).

Obviously, possibilities of the method are not exhausted by the modulators
described in this paper. A development of new modulator types, most fully
responsive to the requirement of synthesizing a beam with concrete character-
istics represents an important problem. For example, a stochastic modulation
of the phase of the transverse mode being corrected makes 1t possible to con-
trol the energy distribution over the cross section of the beam formed [7].
The approach described makes it possible to vary the structure of the trans-
formed beam to a greater extent than by using a purely holographlic method

[1, 2]. This 1s explained by the fact that the transformed beam is deter-
mined by the transmission of the modulator used, the selection of which may
vary within wide 1limits based on these or those requirements, presented to
the structure of the beam being synthesized. In the most general case, posing
a converse problem is possible -- given the required structure of the light
beam, select a corresponding modulator which would satlisfy thls requirement.
This problem may be formulated mathematically as finding the solution of in-
tegral equation (6) for function t(xi, yi) assuming W(x, y) to be the given
value,

The results of the investigation show that in the considered method, the
direction of the propagation and the energy of distributlion in the trans-
formed beam depend weakly on the index and orientation of the mode being
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corrected, This makes it possible to depend on increasing the spatial
coherence in beams, formed of modal structures compared to relatively low
spatial coherence, represented by incoherent superimposition of several
- components. The maximums of correctaed beams for various components may

- colncide. The effect of increasing the spatial coherence in the transformed
beam was observed in [9]. As shown by measurements, it was comparable to
the coherence of mode TEMO + This result makes it possible to broaden the
class of laser sources useg Tor problems of holography, coherent optics etc,
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PHYSICS

Unc 621,378

TEMPERATURE DEPENDENCE OF THE OPTICAL GLASS ABSORPTION COEFFICIENT ON
EXPOSURE TO THE LASER RADIATION

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 337-346

[Article by N. Ye. Kask, V, V., Radchenko, G. M, Fedorov, D, B. Chopornyak,
Institute of Nuclear Physics MGU imeni M, V, Lomonosov, submitted 25 Mar 78]

[Text] Results are reported of an interferomstric study of variations of
the refractive index of K8, IA7 glasses and laser glasses on exposure to
neodymium laser radiation., It is found that in laser glasses, thermal
}nstability occurs which 1is related to thermal excitation of ions to the
}111/2 level and the nonradiative channel of the metastable level decay

through the higher-lying level of 269/2. The MFB/Q-—)2G9/2 transition
cross section is determined.

In transparent solid dielectrics, high temperatures are developed by laser
radiation action which lead to melting, bolling, an appearance of plasma and
mechanical destruction., Material heating may occur due to linear and non-
linear absorption of incident radiation energy. In thé.case of high intensi-
ty of optical radlation ( > 1010w/cn?), avalanche ionization [1-3] 1s the
mechanism of nonlinear absorption, Temperature dependence of foreign inclu-

1 sions [4] must lead to an increase in laser radiation absorption in the proc-
ess of radlatlon, as a result of which an absorption wave may appear, propa-
gated within the dielectric from the inclusion surface (5-7]. In [8] there
1s considered the heating of a coagulum of admixture centers in a transparent
dielectric in the presence of nonradiating transitions, and ii has beea shown
that the temperature in such a coagulum is a nonlinear function of the number
of particles and the intensity of laser radiation. Of interest are the role
and mechanism of nonradiational transitions when heating dielectrics, acti-
vated by Ng3+ lons, by radiation of a neodymium laser,

This paper studied the dynamics of temperature development in optical glasses,

in particular, those activated by neodymium ions, acted upon by comparatively
low power laser radiation,
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| 1. Ixperimental Installation and Method of Prooeésing

| Fig, 1, shows the arrangement of the experimental installation. Laser
radiation of the neodymium glass was fooused in all cases by a spherical
lens with f == 80 mm into the volume of the sample studied. -

Fig. 1. Arrangement of experimental installation. ' .

1. Neodymium' laser 9. LG-106M argon laser

2, Calorimeter 10. Quarter-wave quartz plate
3. FEU-28 : 11. Polariger

4, Neutral light filters ‘ 12, Lens

5. Focusing lens 13. Miecroscope

6. Investigated glass sample 14, SKS-IM movie camera

7. Mach-Tsender interferometer 15. 88-2 oscilloscope

8. FEU-16 for recording destruction 16, Arrangement for synchro-
. nizing start-up of SKS-IM
and firing neodymium laser

The radius of constriction at el level 1s 2x10™% cm. A quasicontinuous
pulse generation mode was used with a radiation modulation of. less than 10%.
Laser parameters were cited before in [9, 10]. The sample was placed in one,
of the arms of the Mach-Tsender interferometer. The probing radiation of the
continuous argon laser (A488 nm) was directed perpendicularly to the ra-
diation of the neodymium laser. The image of the irradiated reglon of the
glass was projected by means of the lens and microscope on the film of an !
SKS-IM higli-speed camera, During the action of the pulse, the generation

of the neodymium laser up to 50 frames of the interference plcture were re-
corded, The time tie-in was implemented with respect elther to the moment

of destruction (if 1t occurs), recorded on the film or oscilloscope, or the
moment of pulse generation finish, In this case, a maximum shift of the
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interference band oc:urs in the unsoftened reglon of glass, Samples made
of unactivated K8 aid IA7 glasses and GLS1,GLSY, 1GS247-1, 2, 3 and YeD2
glasses, made in thy form of 20x20x20 cm oubes Were Investigated., All the
faces of the cubes were thoroughly polished and checked for parallelism and
flatness,

g

Fig, 2, Interference pictures for K2 glass up to the moment of the formation
t=3.5 ms (a)'and after the coagulum formation t = 7 msec (b)., Duration of
laser pulse 10 msec, '

Fig. 2 shows interference pictures of the focal region of the glass up to and
after the formation of a coagulum produced by the laser pulse action. For
K8 and IN7 glasses to to the moment of a coagulum formation, as well as for
‘laser glasses at the initial section of heating, the band shift agrees well
With the Gaussian distribution (Fig. 3), and formula (1.3) (see appendix)
for the determination of refractive index An. The formation of a coagulum
leads to a distorted Gaussian distribution in the reglon near the axis of
the interference Plcturs, due to the change of the sign of dn/dT because of
the structural change in the process of glass softening. (We will note that
the authors of [11], using interferometry, could not detect distortions when
the coagulum was formed,apparently, due to imperfection in the method they
used), The behavior of dn/dT in the softening region for pulse heating is
unknown and, therefore, quantitative processing of the interference pictures
was done only up to the moment of structural changes. The measurement of the
relative shifts of the interference bands was made by an IZA-2 comparator
with a precision of up to 1/20 of a band. On the end heating section of
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~~Cn
T

4
3 Fig. 3. Gaussian distribution exp ( xz).

Vertical segments characterize the experimental spread daca for E" Z and for
E L 7; axis Z is directed alyng the axis of the neodymium laser.

the focal region of laser glasses (up to melting) the shift of interference
bands already cannot be described by a Gaussian curve and to calculate using
fornula (1.2) an approximation method was used with an 8 polynonmial of the
m-th degree for 1 points, m=8-10 and 1=20-30 were usually used. Integral

HW) hé’ A nrdr,

Was used to determine absorption coefficient K, which characteriges the por-
tion of laser radlation energy transformed intn heat:

cp d
K= Z2ar aw, M

where ¢ -- specific heat;P-- density; W -- incident energy. The expression

for the total change dn/dT through material constants are shown in the ap-

pendix. Numerical values for the glases constants were taken from 12-15],

With such a method for determining the absorption coefticlient, it not
necessary to take into account thermal diffusion and the possible effects of
self-focusing are taken into account by integral I. The truth of this state-

ment for absorption coefficlent K, not depending on temperature, is obvious,

while for nonlinear absorption, this may be shown directly by solving the -
corresponding heat conduction problem, for example, for a contour of a source
function of the type exp(—olkTierp(—ricd). '
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Exporimental Results

Unactivated glasses., Fig, 4 shows the relationship between integral I(W)
and incident energy in the case of K8 optical ¢lass,

SIML O %2

(1)

T R A TR T )

Fig. 4. Relationship -1 (W) Bngad and energy W(a unit
along the abscissa axis is assumed to be threshold energy for the formation
of a melted region in K8 glass, equal to 490 Joules) for focal plane ( O )
and a distance of 575 microns ahead of focal point (® ),

K8 glass, Ell2. Temperature scale refers to the coagulum axis for the case
of focal plane (r=o, z=o0).

1. Relative units.

An indirect method based on the relationship between the thresholds for K8
glass and varinus absorption coefficients Eio], established that almost
up to the threshold of mechanical destruction the absorption coefficient does
not depend on temperature and, therefore, the deviation from the linear de-
pendence of I as a function of W on Fig. 4 1s obviously due to the dependence
of dn/dT on the temperature. Deviation from linear dependence is also ob-
served in IA7 glass, This dependence should be expected, since the coeffi-
clent of linear expansion o , when approaching the region of softening,
begins to increase and in the region of softening exceeds its value for hard
glass by several times.

If an extrapolation is made of the straight initlal section of the curve in

Fig. 4, up to the temperature of the formation of the melted region, we will
obtaln a value of 1000-11009C, This coincides with the temperature for the
formation of a melted reglon in the K8 glass obtained by a different method

[16], which confirms the conclusion made above.
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We will note that the experimentally determined value of the radius of dis-
tribution shape An at the level /e of unactivated glasses does not change
in the process of being acted upon by laser radiation.

This situation is possible in the investigated range of laser pulse durations,
if the starting process of thermodiffusion is "compensated" by the self-
focusing of the beam, Characteristic thermodiffusion time tx-=aVix is at
least double the time of action ®hile the passed energy is one half to one
third of the oritical energy of nonstationary thermal self-focusing for un-
activated K8 and I47 glasses,

The value_gf liﬁr.s.?xio'3 en! (+10%) vas obtained for K8 glass and
K=5,0x10 “em™* -- for 147 glass while, within the measurement acouracy of
about 10%, the local absorption coefficient in various polnts of glass has the
same value, The case of the radiation effect on visually observed inclusions
was not investigated,

Glass activated by neodymium, Fig, 5a shows relationship I(W) for GLS1 laser
glass. Relationships for other laser glasses have similar shapes., As may be
seen from comparing Figs. 4 and 5a, the temperature development in the irra-
diated region of laser glass differs radically from the case of unactivated
K8 glass %We will note other facts of different behavior of the GLS! laser
glass and K8 optial glass . Although the absorption coefficient at 300K of
GLS1 glass 13 only a third of that of K8 glass, the threshold of mechanical
destruction of GLS1 1s 2/3 to 1/2 that of the K8 threshold, The mechanical
destruction threshold of K8 glass is 1§, 5 to 2 times higher than the threshold
of the appearunce of melting, while in GIS! glass, the corresponding excess
1s 10 to 20%. These facts confirm the existence of a temperature dependence
of laser glass absorption). Beginning with temperatures of about 1500C there
occurs a noticeable nonlinear increase in the temperature of heated glass,
while additional absorption, shown in Fig, 5b, has a characteristic exponen-
tial temperature dependence of form 4 K= K-l(o.: Aexp(4/KT), where Ko is de-

termined from the initial slope of curve (W) in Fig. S5a. Activation energy

4, de'cermine? from the slope of the stralght line in Fig. 5b, is equal to
2000-2100 cn™?, This value agrees well with the energz gap between the basic
state and the lower level of working laser transition I11 /2 of ion Nd3* .

In Fig. 5b, the temperature for the axis of the laser beam is taken and, since
the spatial contour of the beam does not have a rectangular shape, it is

necessary to take into account the temperature distribution contour to find
coefficlent A, Based on the expression for an increase in 6(An) during

time 8¢ .

0 o, 2 3

dn/dT6 (An) - ard exp (— ,;) A exp(—;—r-)ér. @
substituting temperature in form Te=Ty+ Toexp(—r/ag) (where Ty --

initial temperature of sample) which describes an actual case of laser heating
to an accuracy of 10-15% and replacing
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Tob Ty
T+ Toexp (—ri/ag) '

after integrating with respect to rdrdcp we obtain at the limit St 0

¢p dl(
i i . @

X w2

i),

el
S
-
-~
¥
.
-
o

1 1 1
1 5 15 o

(W) == 2.1.] An(r)rdr
Fig. 5. Relationship between and energy
W for GLS1 laser glass for E || Z (a) and temperature dependence of the addi-
tional absorption coefficlent of GLS{ glass (b).

i, relative units.

fore ¢t = '[x?’f—'n]h- W

¥=(Tol- Tw/Tu; Bo=d/kTy; B==A/ [ K(Ty+To);
@,-~ radius of the temperature contour; ro -- radius of the intensity contour;
f, - power of laser radistion. Coeffictent ®,=( @,/r_)° takes into ac-

count the effect of self-focusing. For a range of W from 0.5 to 1 ((W=1)
corresponds to the moment of appearance of melting) the value of W<Wye ,

where
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r'ae

Eg_pﬂr’e‘
Wnp = 2"0 (dn/dT), (4)

== oritical energy of nonstationary thermal self-foousing; O -- divergence
of laser radiation at the entrance to the medium, At H:Hkp the cross sec-
tlon of the beam.is halved with respect to the initial area due to the fact
that the radius of the temperature contour narrows to 5/6 in the process of
development of thermal instability, and o is in the interval from 1 to 1.3.

Fig, 6 shows the relationship between correcting multiplier Q and parameter "y
for limiting values ®* =1 and 1.5.

The expression for (dn/dT) o has the form

() ) o S

l—v 2 ’

where X -- coefficient of linear expansion; E -- Young's modulus;”V --Poisson's
coefficlent; 01 and 02 -~ elastic-optical constants, For temperature region
TH=300K, T°~ Look of interest to us, a weak dependence is observed of
multiplier @ on temperature, i.e., the temperature contour has almost no
effect on the accuracy of A determination. To determine A, the central
value q Q was taken designated by a broken line curve (see Fig., 6). In two
experiments done on YeD2 glass, the initial temperature of sample TH was
raised to 700K and the increased nonlinear absorption made it possible to find
A in initial sectior. ¥ when Qa 1, The values of A determined by these two
methods coinclded with a precision of up to 15%.

For laser glasses LGS247-1, LGS247-2, LGS247-3, GLS1, GLS4 and B42, experi-
mentally determined values of A are correspondingly 0.11, 0.32; 0.66; 0.30;
0.58 and 0.23"1 cm, while values of absorption coefficient Ko at wavelength
A=1.06 microns are equal to 2.0x10—3, 2.1x10-3. 1.3x10-3; 1.8x10_3; 3.3:(10"3
and 4,0x10™% enl, 147 glass is the basis for brand LGS247 laser glasses.
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Fig. 6, Relationship between correcting multiplier Q and parameter
N=1+T /T, for p=9.6(1,2) and 4.1 (3) and o=1(1), 1.5 (2), 1 (3).

3. Discussion of Results

Thus, additional nonlinear absorption originates as a result of the thermal
popuiation of the lower laser level of ion Na3+and is due to the presence of
a nonradiational channel of decomposition of the metastable state F3 20

Level uFB /2 1s populated by the resonance field of laser radiation. The dif-
ference in populations of levels I*In /2 (N,) and uFB /2 (Nj)in the field of
laser pumping is determined by expression (16].

N exp (— A/kT) ©)
T+ €xp (— B/KT) -+ Wyteq (1 + 2xp (—A/RT))*

N'—N‘ =

where N = -- totalunumber of lons in unit volume; T, -- spontaneous lilt;e of
metastable state F’3 /2; q ~- quantum output of luminescence of level I"3 /2;
k -- Boltaman's constant; sz =0,Ji %y -- cross section of laser transition
(numerical values cited in (18, 19]; J -- radiation intensity.
For J ~ (1-3).1027 quanta (eec-cmz) the value of additional absorption

AK ~ 10 7 exp(- 8/KT) is insufficient for explaining expe: imental results.
In this connection, we will consider the possible channels of nonradiational
decomposition of the 45‘3 , metastable state leading to the transformation of

all or part of the excitation energy into heat:
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1) intracentral multiphonon relaxation from the metastabls condition (the
value of the energy gap between levels 4F5/2 and “115/2 1s about 4700 cm'1
and at high temperatures the nultiphonon relaxation may be the probable
nechanism of nonradiational decomposition);

2) internction of activator lons between themselves and foreign impurities
on the assumption of the uniformity of lon distribution in the matrix, leading
to the nonradiational loss of exclitation;

3) dissipation of the excitation energy in oscillations of hydroxyl ou [207;

4) nonuniform entrance of activator ions into the glass matrix which leads to
concentrated attenuation in reglons with higher concentrations of neodymium
[21, 22],

At higher excitation levels, the following are also possible;

5) mechanisf: of excitation relaxation, including two neody‘x:j.um lons, in which
2

transition 30~ G, /2 ©0curs in one ion and transition F3p2—1ys /2 (23]

occurs in the other ion;

6) transitionof 1.06 microns by agtion of radiation from level l‘F‘3 /2 toa
higher lying level 269 /2 with a following nonradiational relaxation,

First of all, we will note that the slope constancy of the relationship be-
tween the logarithm of the additional absorption and the revexrse temperature
(see Fig. 5b) up to 1100K indioates that at least, up to this temperature,
Some nieWw mechanism of nonradiational relaxation does not enter the game. Pre-
viously, such a conclusion was made only up to 720K EZ&]. Obviously, this
eliminated the mechanism of multiphonon relaxation [ 5] up to 1100K and makes
the fifth mechanism imporbable by virtue of its quadratic dependence on the
number of electrons in the metastable level. Deviation of dependence 1g (4 X)
on 1/T sti1l is silent about incliéding an additional channel of nonradiational
composition, since at such temperatures, preceding the formation of a melted
area, a relationship between the glass constant and temperature (see Fig. )
must be manifest., In this connection, it is interesting to apply the given
method to crystals activated by neodymium, Regrettably, the problem of strong-
ly-absorbing inclusions in crystals is more acute than in glass and in
crystals of yttrium-aluminum garnet with neodymium
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avallable to us, the destruction always ocourred in the inclusions at power
lovels more than an order of magnitude smaller than power densities needed for
heating the entire foocal reglon, This type of destruction was investigated

in [26 for the case of the effect of laser radiation on organic glass, when
destruction is easlly observed in local nonuniformities under conditions of
dissoclation, which leads to the thermal instability of the medium,

It follows from (2) that for mechanisms 2 and 3 to work, it is necessary to

have ¢ & 10'3, while for laser glasses q = 0.5...1 [14].

To realize the fourth mechanism of the nonradiational decomposition of the
metastable state requires the presence of reglons with a higher concentration
of neodymium ions (clusters) which-concentrate 3> 10% of all ions and where
almost total attenuation of luminescence occurs., The existence of such re-
glons was postulated in [15, 17] for explaining the deviation of the quanta
output of luminescence from level F3/2 from.unity. At small (1-2%) neo-
dymiun concentrations in glass, the portion of totally nonradiational ions

of neodymium is small (~1%), but it increases with an increase in concentra-
tion [20], and in ED2 glass, where q,~ 1, there is almost none.

Thus, the main contribution to the nonlinear increase of the absorption co-
efficlent with temperature at small concentrations of neodymium is given by
nonradiational transitions from level 2G9/2 into which electrons are thrown

by the radiation of laser pumping. This makes 1t possible to determine the
cross section of transition $Fy13—= 16y s 03 =AIN,. . We will cite the
following experimental values of 054 for the investigated laser glasses;

Ty (La8247)= 0, 11x10"20cn?; o‘%(cmi)=o.15xio‘2°cm2, oy (CLS4) =

=20 2
=0,12x10 “Vem" oéu(Enz)=‘°'25X1°'2°cm2‘ The ratio of the value of this

transition to the cross section of laser transition o is (1015)% for all
laser glasses which, within the limits of experimental error, coincides with the
theoretical value of ratlio

O(*F3/3=> Gy )01y y9~+ Fyyq) {27].

- The value of the error takes into account the possible contribution of the
nonradlating lons, The disproportional increase in coefficient A with an in-

crease in concentration of the concentration series for LGS247 laser glass
1s explained by increasing the share of neodymium ions in clusters with an
increase in concentration. 114 ‘
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APPENDIX

Determination of An from Shift of the Interference Band

To an approximation of geometrical optics and due to the low refraction for an

axis-symmetrical distribution of refractive index A4 n, the relative shift
of interference band S is expressed as follows [28]:

2% 4
Smo= (L Andr
0 ! Vi

(m.n
from ( [1.1) for An follows integral equation
Ay 0 dS dy
Y R ... .
3 ;j 4 Yp—m (n.2
which for Gaussian contour S=Seexp(~y%a) has solution

Anu-b-i- e“'zl'g.
na,

Here A -- wavelength of the probing light.

(n.3)

Determination of dp/dT for E || 2 and E L 2

The appearance of mechanical stresses in & solid leads to a change in the
refractive index which for an isotropic medium is determined by plezo-optical
coefficients q,, and q,, [297:

- Anl®)=21/ n34p,
A B, 911 Q13 Oy 0 0

o - fand =
A B, 93 i 9w O 0 0 :::
8By [ | @ quuoqy 0 0 0 Os
A B, 0 0 0 gy—¢, 0 0 Ory (.4)
A B, 00 o 0 In—d 0 Orx
- A By - 0 0 o 0 0 M—a1 Oxy

For the problem of plane deformations at z =0, the diagonal tensor of stresses
in eylindrical coordinates, becomes nondlagonal when a transformation is made
to Descartes coordinates
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— -

O cost g Oposinty  (opr— go) -'iﬁ";zﬂ 0
(Orr = g0) S22 g, sint gk ogp ety O (e
0 0 Oy
For radiation with E || 2 polarization
An}{”éAng‘”uC.(o,,;}-uoo)-{-clo;,‘ ' ’ (. 6)

and for B2

(o) ., 0 c!+C, CymCe [ e
A n, A ”‘ 2 (0,, + OOW) +Cy0,, _L_2 3 (0”_000) cos 2, (L)

where elastic-optical constants are
Cln—2qn/n3: C.==-2.q“/ng.
In our case
0:2=0pr +0po=—[aE/(l—)]AT 130},

The total change in dp/dT consists of two members (in our case, the contribu-
tion of electrostriction may be neglected):

= (oot () oy
in case E || 2
(1), =(3),~ 155 @+ co- ms)

When comparing the experimental shifts of the band for E || Z and EL Z for
K8 glass using expressions ([7.1), (N.6), (11.7), it was found that for our
geometry of the experiment, the member in (/7.7), dependent on angle ¢ may
be neglected compared to the first two members in ([7.7) for all r. As a
result :

dn on aE  C,43C.
(dr).l.l-(;"'_f)o— — 7 -

The use of polarization E | Z leads to greater shifts of the interference
band, and increases the sensitivity and accuracy of the experiment.
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PHYSICS

UDC 621,378

THIRD ORDSR NONLINEAR SUSCEPTIBILITY OF IONIC CRYSTALS NEAR RAMAN AND TWO-
PHOTON RESONANCES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 p 345-348

[Article by L. B, Meysner, N. G. Khadzhiskly, Moscow Government Unlversity
imenl M. V. Lomonosov, submitted 28 Mar 78] ‘

[Text] The purpose of this paper 1s to state the results of theoretical
work in which, for the first time, a quantitative description of experimen-
tal results on measuring resonance combinational and two~photon suscepti-
bilities of ionic crystals is given,

If the following electric field acts on the lons of the lattlce

E(f)= E(ay)e— 0t E(wg)e !0t

( w, and w, -- frequency of pumping waves introduced into the medium,
lying in the transparency region of the crystals), then the polarization
induced in the medium at frequency 3= Zu)1 -w, (when difference fre-

quency Q)i -wz is near frequencya)T of transverse combinational modes and
2 601 1s close to frequency a)o of two-photon resonance) is convenlently
written in the form _ _ S
P (03) =3 [x83% (03) + 13 (03) + x$RE 0] Eg (0,) Ey (01) Ep (05) =
m

= E ﬂ‘N{W&(as)- (l)
(Y]

-- respectively nonresonance electronic,
resonance Raman and resonance two-photon susceptibilities of the crystal;

1 1
W' -~ shift of the charge of the shell of the Q4  i-th ion With respect

to 1ts equilibrium position; Ni -- number of lons of the i-th kind per
unit volume,
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In this paper, X%\OR and  YO)EP are caloulated for tonto crystals, The
electronlc nonresonance susceptibility of the third order for crystals was
investigaﬁb& in great detall in (1]

2, Following [1. 2 ], of all the causes of the nonlinearity of suscepti-
bility, we will take into account only the one that is related o the non-
llnear dependence of the local field on shifts of electronic shells Wia

e = E, (f) + 2 akgik 1v5+~’- ? akfik whik, @
ik
1k

where coefficlents g and fik (coefficients of the internal fleld) are
determined only by the lattice structure [3].

Although the external field acts directly on the electronic shells of ions,
however, some part of the energy, due to the motion of the electronic cloud,
1s transmitted to the nuclei, The nuclei begin to oscillate which leads

to a change in the local field (of coefficlents g X and £K), Mathematical-
ly this can be written, expanding coefficients gik and fik
according to shitts of nuclei uk. We wlll limit ourselves to taking into

into a series

account the linear addend according to uk in expanding coefficient gikl

0tk VY [ Oeck
€ap = (o) o+ L (——al uk,
v\ g ) 3
Computation of derivative oglhfout in a balanced config-

uration is reduced to calculating faber

3. We will write the Hamiltonlan system consisting of electrons and ions
- in the presence of the light wave field

i Hes T A(XJR—;P‘ZS.‘:’—}EP'E(’). @

Here T -- klnetic energy of the system
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) I s\
R. .
AR u).,.,},(re.':ﬂ ufpub - clh wh wh)
NixN

== inorement o1’ the non~-coulomb part of

the lattice energy to harmonie approximation. where !R"k.an& Ou‘ == foree

constante representing interaction forces between irons and eleotrons,
Addends 3" in (4) describe coulomb's interaction and leada to anharmonic
menbers in (4) of coulomb origin, because gl é'%"uam'(’é"

== internal field in the lattice), is given by equations (2) and (3)
and the dipole noment M' =a'w!, The last addend in (&) takes into ace
count the interaction between the electrons and the external field, The ex~

ternal field is high-frequency and, therefore, acts only on the electron
shells,

We will stress that in the general case (4) must aiso include anharmonic cor-
rections of non-coulomb origin,i.e., corrections representing the following
members of expanding 4 @R into a series according to the shifts of electrons
and ions, Thus, for example, a change in electronic dipole moment ﬂi, due
to nuclei shift at frequency .,‘,"1“"2 =W , 1s determined not only by a
member proportional to .%8';':_ ut, » but also member %ﬁ_“._ .
However, the caloulation of cik is problematic [3]. Therefore, here will
neglect the anharmonism of short-range forces, which is the basic approxima-
tlon of the so-called model of coulomb anharmonism (1) 2], 1t 1s at least
important to discuss qualitatively the possible role of short-range forces,
i.e., estimate the degree of approximation of the model,

It follows from the calculation of enexgy of two-atom crystals that harmonic
short-range and long-range force constants have opposite signs and differ

2 to 3 times numerically [3], while in ferroelectrics, as is well known,
there is almost full compensation of near-range and far-range forces, 1If
this is also true for anharmonic force constants, then calculation of

to a coulomb anharmonism approximation may differ from the experimental data
by only 2 to 3 times and the calculated 8ign should not correspond to the
one experimentally measured in all cases,
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It may bo asserted from these positions that if the caloulated aign does

not correapond to the one experimentally measured, tha anharmonism of the
near-ranga foroces doﬂnates and conversely, if the aigns colncide, the basic
contribution is made by coulomb anharmonism. The values of x( 5 caloulated
according to the modulus must differ from experimental data by not more than
2 to 3 times,

The results in [1], in general, confirm everything stated above, In this
paper, the equation obtained for % 3R does not contain free parameters and,
therefore, calculations of 76(3 )R must give additional important data on
the mechanism of nonlinear polarimation in various types of orystals,

b, Motion equations for eleotrons and lons are obtained from relationships

o

M'W‘ u—-aw‘ H . ’

M oH
Mg = == ®

where n" and H" -- masses of an electron and ion,

As shown in [1]. in solving a type (5) system, it is convenient to consider
all electronic oscillators to a harmonic approximation equivalent, i.e.,

ol matma, Wh(0) =W =WV, @)= —;w(—l-f (@),
where xu) -= linear macroscopic susceptibility of the crystal; No == num-
ber of ions per unit volume, 8ince the procedure for solving system (5) is
very similar to that considered in [1, 2], we will omit it, We will only
note that in solving equations for ions (nuclel) a crystal with one combina-
tional-active oscillation is considered.

The equations obtained for 76(3 )R and z(B)tp to a coulomdb anharmoniem
approximation have the form

1) 1] n

WA ta (@) xbp (i) 24 @) x40 @) N ¢ :

vo (s} = 3N'lur—(u;—ug)'-lv(w;-m)] > T’T,‘:"’;:';. @
o 122
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188 (0a) 208 (o) 243 () 281 (0y)

(R N o
Ruyg (a) == NG |0 — dof = lw,| . g' - lapo fagor U}

5. We will dwell separately on expressions (6) and (7). The equation for
Raman susoeptibuitg contains no free parameter which makes the procedure
of calculating X.‘B R simple and, what is most important, makes it possible
to estinate the role of non-coulomb anharmonism.

In calculating 7(,(3)R by (6) linear susceptibility %(1), resonance frequency
W and attenuation coefficlent 'y are assumed to be equal to thelr axperi-

nental valuss, while coefficlents of internal field f“‘ ara calculated exactly
by known ion coordinates. In the given case, the known diffioulty does not
arise with serles convergence, which was solved by Ewald [3] for a dipole
lattice ( for g"k). Thus, an error permitted when calculating % J)R by
(6) 1s related only to an experimental error in determining 2 W Y
and the coordinates of the ions,

We calculated n(B)R by (6) for a covalent diamond crystal and ionic crystals
with a fluorspar structure., The necessary experimental data for these orys-
tals are available [4]. According to (6), for all considered ocrystals, only
component

is different from zero which agrees with symmetry requirements. Numerical

values of
(35
- are shown in Table 1. It may be seen that for the case of ionic crystals,
the theory agrees almost precisely with the experiment, but gives a consid-

erably higher (five-fold) value of

3
P

for a covalent diamond crystal,
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Table 1

Raman susceptibility in a diamond and orystals with a fluorspar structure

() i o 0)
Kpweraan | O | Yo ;4871 ea CrCd
ent=t jen=1| n e —————

pacyer ."'“‘(G‘ggnem(b)

CaF 3221 7 11.43[1,3 | 1,140,
I (R
BIF: Fr ' 184::0,27

0] 7 |1.47|3.0 |6.34=0,
Aavas | 1232 | 2,04 | 2042 | 2igo 345*73 o

¢ Moayas sxenepruentansnol ulmtmtu.(S)

1, Crystal 4, Experiment
2, BGSE [OGSE system of units] 5. Modulus of the exper-
3., Calculation imental value

From the viewpoint of the considered model, the results obtained for ')6(3 )R
nay be understood if it is assumed that in lonic crystals the change in
near-range forces is negligibly small, i.e,, the anharmonism of near-range
forces may be neglected in estimating ')6.3 R, which 1s impermissible in
covalent crystals,

We will now turn to (7). Formally, (7) does not contain free parameters,

however, experimental data on the value of " is lacking, To estimate the
denominator in (7), we will assume it to be one and the same for the sus-
ceptibilities of various orders, This assumption is used in alll calculations
of nonlinear susceptibilities (see, for example, [1, 5-7]), althcugh it is
difficult to justify it, but in this case, not too bad an agreement is ob-
tained with experimental values of nonlinear susceptibilities. On the as-
sumption of a single denominator, the denominator in (7) may be expressed

in terms of real €' and imaginary ¢” parts of the high-frequency specific
inductive capacitance.

Assuming that electronic oscillators are equivalent to linear approximation
and using the tie equation

12k
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8 (w)=a o4 nP/E,

We will find immediately that

D'(w)i=(inN,at (e (}.',):{)l;»@,)lj_,‘,,i = ia)'
D (v)mwmetainy,
Table 2

Two-photon susceptibility in orystals with a sphalerite structure

'nG.\}. - o meenme .
. i Ny ..
| L S

Kpnera
pbeld | mssane

GaP K N
R
CdSe 1.2 [ 1,2 [12
! AL
. ZnS 0,33 {02 (14
ol '. .P:::m; mm;.m..m.U)
{. Crystals 4, Experiment
2. SGSE [CGSE system of units] 5. Modulus of experimental
3. Calculation value

The caloulation of X3P acoording to (7) using (8) agresd well with ex-
perimental results, Calculation data for X 3)tp in precise resonance

for crystals with a sphalerite structure and experimental data are shown in
Table 2. Free parameter d in (8) was determined as in [1]. The degree of the
ionic character of compounds was assumed according to Phillips [8].

The presence of free paramsters always makes the calculation of substance
constants non-single-valued. However, for the crystals considered here,
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the degree of the ionlc character was determined on the basis of various
approaches and the results of various authors are found to be in satisfac~
tory agreement. Therefores, we assume that %519 obtalned correspondence be-
tween caloulation and experiment for 7(,( tp reflects primarily the

. applicability of the coulomb's anharmonism to the quantitative (with a pre-
cision of up to 2-4 times) deseription of the two-photon susceptibility of
lonlc orystals and is not the result of & lucky fit of the free parametex,

6. In spite of certain shortcomings of the considered theory of cuble reso-
nance of susceptibility of lonic orystals, nevertheless, it made it possible
to deseribe quantitatively experimental results for Raman and two=-photon
susceptibilities of ionic crystals. The results obtained indicate the appli-
cability in prinoiple of lattice dynamics conceptions to the desoription of
dispersion of ocuble susceptibility, 8 is possiblr so expuct that the ac-
cumulation of experimental data on X )tp and 9(.'3 R 4111 nake it possible
to define more oonﬁ%ely the ?rga. of applicability of the proposed method
for caloulating ¥ and x(3)tp,
The authors consider it their pleasant duty to express their gratitude to

+ A, Akhmanov, N, I, Koroteyev and A, P, Levanyuk for their interest in
this paper and the discussion of its results,
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PHYBICS .

UDC 621,373.826.038.823

POSSIBLE STABILIZATION OF THE CO; LASER FREQUENCY BY AN EXTERNAL STARK CELL
WITH 1-1 DIFLUORETHANE (C; Hy F,)

Moscow KVANTOVAYA ELEKTRONIKA{n Russian Vol. 6, No 2, Feb 79 pp 351-354

[Article by V. P. Avtonomov, R. Aleksandresku, D. Dumitrush, D. Dutsu,
Physical Institute imeni P, N, Lebedev AN USSR (Moscow) ; Institute of
Physics and Technology of Radiation Apparatus (Bucharest) Socialist
Republic of Romania, submitted 11 Apr 78

[Text ] Results are presented of the Stark modulation index and
coefficient of the absorption of COp laser radiation at the P (24) line

by 1-1 difluorethane (C2 Hy Fz). Possible stabilization of the CO, laser
frequency by a stark cell is Shown and the efficiency is determined of
laser frequency tuning within the P (24) line of the 00°1 - 10°0 transition.

After modulation of the output beam of a CO, laser by means of the Stark
effect in molecular gases was achieved [1 ], a number of papers on this
subject appeared [ 3, 4 ] . Useful applications of this phenomenon_ were
demonstrated on the examples of deuterated ammonia (NHyD). 1In [ 2 | is
shown how it is possible to stabilize and retune the COy laser frequency
by means of a Stark cell on the P20 line of the 00°1 - 1000 transition

The theoretical aspects of Stark modulation were considered in ( 5, 6 ] .
It has already been established that at least 11 various gases are suitable
for modulating CO, laser oscillation lines 7, 8 , however, to recommend
their use will be possible only after additional investigations,

It was shown in[ 7 ] that using 1-1 difluorethane can provide a CO; laser
amplitude modulation on eight P10-P26 lines of 0091 - 10°0 transition.
However, the authors of{ 7 Jdid not succeed in observing absorption lines
with good resolution, which is necessary to solve the problem of stabilizing
the laser frequency by using the Stark effect.
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This paper gives the results of using l-1 difluorethane (Cy Hy Fy) for
stabilizing a CO, laser in the P24 line of 00°1-10°0 transition,

The arrangement of the experimental installation is shown in Fig. 1,

C0; laser 1 with a resonator 58cm long may be retuned by a diffraction
grating in the resonator (75 lines/mm) from the P8 to the P34 and from the
R8 to the R34 10.4 micron band, as well as £rom the P14 to the P34 9.4 .
micron band [9 ]. Stabilized power supply circuit 2 and an APCh [ Automatic
frequency control] system according to the discharge impedance 18ﬁ
made it possible to obtain a stabilized mode of laser operation at any of
the indicated lines. The Invar alloy resonator provided amplitude
stability of laser operation at a level of 0.5 to 1% at the full output
power of the laser of 3.5 watts on 1line P20. We did not use laser radiation
in the direction of the zero-th order of the grating (about 2.5 watts).

[Oflen 0

Fig. 1. Arrangement of experimental installation

. 16, or 18, to
- 17. from

The output radiation beam was divided into approximately two parts equal in
intensity, one of which was directed to calorimeter 4, while the second
passed through a Stark cll 5. The 64cm long cell had Brewster windows

and flat internal polished aluminum electrodes 55cm long with a 5.0% 0.1mm
distance between them. Gas pressure in the cell was measured by an oil
manometer. The radiation was modulated by interrupter 6, was passed through
monochromator 7 and recorded by a Ge-Au receiver at 77K, 8. The receiver
signal was observed on the screen of a two-beam oscillograph 9 and after
the amplifier was recorded by either a digital voltmeter 13, or, passing

through a synchronous detector, was recorded by a two-coordinate automatic
recorder 15,
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Fig. 2. Oscillograms of a COj laser radiation signals after passing through
cell (upper beams) and voltages across electrodes of cell (lower beams)
for various voltages and a cell gas pressure of 1.5mm of the mercury column.

.

Voltages applied to electrodes of cell 5 (DC or AC) were provided by
functional oscillator 10 and operational amplifier 1. The laser was tuned
in sequence to all possible oscillation lines and was stabilized in
frequency. The radiation signal that passed through the cell to the
receiver was observed on one of the osvillograph beams. The signal of
functional oscillator 10 was sent simultaneously to the second osbillograph
input, which determined the voltage change on the electrode. of cell 5.

Thus, it was possible to observe modulation on lines cited in [ 7], as well
as five other CO; laser lines. The modulation index for lines P28, P32

and P22 of the 0001-10°0 transition was negative and for R18 and R20 of

the same transition -~ positive (we call modulation index ratio m = (ig - I)V&,
where Iz -- radiation power after passing the cell with the field applied;

I -~ radiation power after pasecing the cell without a field.

Fig. 2 shows oscillograms of the receiver signals for line 00°1-1090 and
the signal from the functional oscillator. It was established that for 240
volts across the cell electrodes, absorptions in the gas has its greatest
value at maximum field amplitude (Fig. 2a). If the field amplitude is
increased, a clear-cut peak appears in the absorption (Fig. 2b). A break-
down occurs at about 470 volts. ‘
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A digital voltmeter was used for a more accurate measurement of the modula-
tion index and absorption coefficients as functions of pressure, Measure-
ment of absorption indices in 1-1 difluovethane indicated an absence of

& saturation effect. The values of absorption indices in gas without a field
and at the maximum of the absorption peak are equal to (4.7 ¥ 0,1) x 103
en™l - mm of mercury column 1 respectively.

Fig. 3 shows the dependence of modulation index m on the pressure in the
cell. As may be seen from this figure, the maximum value of the modulation
index is 9% vhich agrees with data in[7 ]. It should be noted that the
modulation index reaches its maximum value with increasing pressure at an
increasing volrage (250 to 260 volts).

i

m, %

H L I} 1 (1)
g 025 25 25 pom pim.em,

Fig. 3. Relationship between modulation index m and pressure in a 1-1
difluorethane cell at constant voltage across the electrodes.

1. mm of mercury column.

Fig. 4 shows the relationship between m and voltage across the cell
electrodes obtained by means of a two-coordinate automatic recorder and
synchronous detector (see Fig. 1). It may be seen from Fig. 4 that the
absorption peak shifts to the side of higher voltages with an increase in
pressure, 1In our opinion, this 1is due to the fact that the absorption peak
is not the only Stark component line in 1-1 - difluorethane, since an
analysis of the dependence of derivative 21/ dU on the absorption contour
at low pressure (about 0.6 mm of the mercury column) indicated that the
glven peak consists of at least two lines. Even at a pressure of lmm of
the mercury column, under our conditions, it was impossible to notice their
superimposition. This does not interfere with using the relationship
shown in Fig, 4 for stabilizing the COy laser frequency at line P24,
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Fig. 4. Relationship between modulation index m and voltage across cell
electrodes for various gas pressures,

1, mm of mercury column 2, volts

A semisoidal 8-volt signal was sent from unit 3 (see Fig, 1) to the
electrodes of the cell, The constant voltage applied to the electrodes
was 240 volts. The signal from receiver 8 was sent to unit 3 and the
APCh mode was connected., The investigation of the discriminator contour
indicated that ite half-width was somewhat smaller, but of the same order
of magnitude as the amplification line contour of the laser. This
circumstance makes it possible to hope to obtain a level of frequency
stability no worse than when using the usual stabilization arrangement

10] .

Changing the constant voltage across the cell electrodes made it possible

to change the oscillation frequency within the limits of the line without
disturbing the operation of the APCh circuit. The lack of a reference
stabilized laser did not permit the measurement of the tuning frequency
band, therefore, we will cite only the relative estimate of the tuning
efficiency, obtained by recording the signal from power meter 4 on automatic
recorder 15 (the time constant of the channel was less than 1 second),

The scanning voltage was sent from unit 3 to the piezo-ceramic resonator

of the laser and to the X-coordinate of the automatic recorder.

It was noted that besides line P24 adjacent to it, lines P22 and P26

could also participate in oscillation without retuning the grating. By
changing the constant voltage across the cell electrodes, it would be
possible to record the part of line P24 on which the operation of the APCh
circuit was stable, The change in voltage was about 50 volts. Since such
8 determination of the frequency band may lead to large errors, due to
stretching the frequency, we measured the relative value of retuning the
laser frequency within the limits of line P24. It depends on gas pressure
in the cell and 1as 807% in the 2 to 3.5mm of the mercury column region.
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It should be noted that the main limitationms in this case were competition
points between line P24 and adjacent lines P22 and P26, We consider the
optimal pressure in the cell 2mm of the mercury column., It may well be
seen from Fig, 4 that the widening of the absorption peak increases with
an increase in pressure which may lead to the deterioration of the stability
of the system,
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UDc 621,378.4

PARAMETRIC CONVERSION OF THE MEDIUM INFRARED REGION RADIATION IN ZINC~
GERMANIUM DJPHOSPHIDE

Moscow. KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 357-359

[Articie by N, P, Andreyeva, S. A. Andreyev, I. N, Matveyev, S. M,
Pshenichnikov, N, D, Ustinov, submitted 25 Apr 78]

[Text] Computer calculations have been performed of the basic character-
istics of the medium IR gggion parametric converter utilizing the ZnGePy
crystal pumped by the Nd”": YAG laser radiation. An experiment has been
made on the COy laser radiation conversion into the visible region utiliz-
ing ZnGePy samples which feature an essential absorption. The conversion
coefficient of 0,05 under laser Q-switching has been achieved, the power
density being 3 x 106 w/cm? and the crystal length being 0.3cm. Resistance
of the ZnGePy crystal to the pulsed neodymium laser radiation and to the
continuous radiation of the 002 laser radiation has been studied.

The prospects of using zinc-germanium diphosphide (ZnGeP;) in nonlinear
optics is determined by the high value of the nonlinear susceptibility
tensor ( X3g = 2.7 x 10-7 GGSE units) and the availability in it of 900
synchronism for converting the CO; laser radiation into the near IR region.
The basic linear and nonlinear optical properties uf the ZnGePy crystal
were investigated in [2-4 ]. The crystal has a chalcopyrite structure

[1 ], a tetragonal symmetry (class 42m), is positive and is transparent

in the 0.77 - 12 micron region. It has an anomalous absorption in the
region less than 1.0 micron which does not permit the achievenent of its
advantages, especially, at a large interaction distance. Of certain
practical interest is the investigation of converters using thin (0.1 - 0.2cm)
ZnGePy crystals. In this case, first, the absorption decreases considerably
due to the small distance of interaction and to the possibility of annealing
crystal samples and, secondly, the visual angle, the synchronism band and
the resolution are increased when the image is converted. At the same time,
a reduction in the efficiency of conversion due to a reduction in the
interaction distance (for example, compared to Ag3 AsS,, AgGaS, and other
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crystals) ie to a certain extent compensated by the high nonlinear auscep-
tibility of ZnGeP;. 1In [ 5] are cited comparison data on theoretical
quantum efficiencies of nonlinear ZnGePy, GaSe, CdSe and AgjAsS3 crystals
for the case of converting €0, laser radiation (10,6 microns) into the
near IR region (0.96 microns) when pumped by radiation of a neodynium
laser (1,06 microns), In this paper, for the same case, the power,
angular and frequency characteristics of a converter using a ZnGeP)
crystal are investigated,

To implement the experiment, the following were calculated on a computer:
the geometry (the disposition of the wave vectors of interacting waves with
respect to the optical axis of the crystal) of the vestor of three-
frequency interaction in the ZnGePy crystal, the visual angle and the
synchronism band; in this case, the dispersion characteristics, cited in
[y; were used, The visual angle is determined as the angle in which the
detuning multiplier 4 = sine? ( AX1/2) (where AT -- detuning
modulus, 1 - length of the interaction region) pass through values zero-~
maximum-zero at a constant frequency of signal radiation, while the
frequency band was determined as the fraoquency range in which the detuning
multiplier passes through the same values for a constant angle of signal
radiation, The calculation method coincided in ite basic features with
the method used for calculating converter characteristics using the AgGa$;
[6] crystal. The results of the calculation are shown in Fig. 1 when
.-~ angle between the optical axis of the crystal and the wave vector
of the radiation pumping; o == angle between the wave vectors of pumping
and the signal reckoned from the pumping wave vector in the optical axis
direction; f -- angle between wave vectors of pumping and output radiation
at the total frequency. As may be seen, the tangent synchronism for oe-o
type interaction takes place at @ = 820 56', & = o, B =o, i.e.,
it coincides with the collinear and is near the 90-degree one; at a type
ee-o interaction the tangent synchronism takes place at @, = 720 23!,
X =27', B =2'. The visual angle AoC within the crystal is read
off as the difference between curves 1 and 3 ordinates at a fixed O
for region II in Fig. la and as the sum of curve 1 ordinates for region I
in Fig. 1a,

Notice should be taken of the large values of the visual angle which may

be equal to 15-20° outside of the crystal for a small length of the crystal.
Also, crystal 1s not very critical to tune to angle Gc and has a consider-
able synchronism band.

The purpose of the expérimental investigations was to check the geometry
of collinear interaction oe-o and to determine the real efficiency of the
conversion and resistance of ZnGeP, crystal samples,vith considerable
absorption (sbout 5-10cm” )sto laser radiation.
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Fig., 1. Basic characteristics of a frequency converter using ZnGeP, at
A¢ = 10.6 microns, Ay 1.064 microns, type oe-o interaction:

a -dependence of angle & on O¢ for Y = 0(1,3) and Y= Voax 2

1 = 0,33 em; b -- dependence of visual angle Ax, of tangent synchronism
on the length 1 of interaction; ¢ -- dependence of conversion band of
signal radiation A2 (s0lid curve) and pumping radiations 42, (dashed
curve) on the length of interaction 1.

1, nm,

The experimental installation arrangement is shown in Fig. 2. Moaocrystal
4 18 0.3cm thick and had an absorption of 8cm~l on 1.06 micron wavelength,
10cm-l -- on 0,96 micron and 2cm~! on 10.6 micron wavelength, The working
faces of the crystal were polished and oriented so that the normal to
them was at angle .= 82,5° to the optical axis while the azimuth angle
in XY plane was @ = 45° (accuracy of orientation '1'0.5°). Angle 8¢

was set by rotating the crystal in the synchronism plane, wh.le the mode
of collinear synchronism ( o = 0) -- by rotating matching element 2
made of barium fluoride. A CO, laser with a power of about one watt was
used as signal radiation osciliator 1; pumping source 9 was ar yttrium-
alumingm gnrget oscillator, providing Q-switching at power density Py=

3 x 10° w/em” at pulse ‘T, = 30 nanosec and a tep:};ition frequency of
12.5 Hz; the interaction area was limited by diaphriagm 3.
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The selection of the converted radiation from the pumping radiation was
done by interference filters with band A4 = 1,2nm and T = 0,4 maximum
transmission,

The conversion efficiency was determined by a direct method by means of
measuring the power of the signal wave incident on the crystal and the
power of the converted radiation at its output. The power of signal radia=-
tion and pumping radiation was measured by an IMO-2 power meter and the
pulse power of converted radiation was measured by a preliminary calibrated
recording arrangement consisting of an FEU-28, 7, oscillograph 8, inter-
ference filters 5 and neutral light filters 6.

The converted radiation was recorded at the converter output for values

of angles 6,y o and P close to the calculated ones (within accuracy
limits of sample orientation), The converted radiation was also observed
when tuning the crystal to the position of the 90-degree synchronism,

but there was considerable instability in this case. The measured conversion
coefficient, determined as the ratio of converted radiation power to the
signal power was equal to 0.05. Taking absorption into account [7 |,
experimental and calculated results are in fair agreement. The resistance

of the ZnGeP, crystal to pulsed laser radiation at a 1,06 micron wavelength
and continuous radiation at a 10,6 micron wavelength were also investigated.
When igradinting the crystal by pulsed radiation with a power density of

3 x 10° w/em? no damage to the sample was observed during long operation

(30 min at a repetition frequency of 12,5 Hz). The sample was damaged

after 5 to 10 pulses at a power dennit¥ of 20 x 106 w/cm2 and after one pulse
== at a power density of 50 x 106 w/cm*. When the sample was irradiated

by a CO; laser with a power density of 10 w/cmz, it was not damaged in any
way during the entire experiment (3 to 4 cycles of 30min each).

(7} .1".ff2§§$§ -
O 4 “,_fﬂsﬂ [L

Fig. 2. Arrangement of experimental installation.

The experiment indicated that the ZnGeP, crystal is promising for use in
frequency converters, however, to increfise the conversion efficiency, it is

necessary to reduce the absorption of thin samples in the region 0,95 - 1.1
microns to 2-4 cm-l,
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The samples obtained may apparently be used for fairly efficient conversion
of COy laser radiation in the near infrared region when using longer
wavalength lasers as pumping oscillators for example, YAG lasers that
generate the 1,318 micron line.

In conclusion, the authors express their gratitude to I. I. Tychin for
providing monocrystalline samples,
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UDC 621.378.33
HIGH~-POWER CW.ION LASERS WITH LONGER SERVICE LIFE
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 359-363

[Article by V. I. Donin, A, F. Shipilov, V. A. Grigor'yev, Institute of
Semiconductor Physics, Siberian Department of AN USSR (Novosibirsk),
submitted 11 May 1978 ]

[Text] Experimental results are presented on producing stable high
current ( ~~ 400A) reduced pressure discharges for CW ion gas lasers.
Efforts to improve the reliability of separate elements of high-current
discharge tubes received primary emphasis. A description is given of
the prototype high-power ion laser MIL-1, which has been developed on
the basis of the experiments performed. The service life of the laser
amounts to ~ 1000 hours, the visible radiation output power level
being as high as 300 watts.

At present, lasers with direct current plasma excitation in a single-
component gas with ions ArIl, KrII, ClII, ArIII, KrIII, etc. provide the
greatest power of continuous coherent radiation in the visible and near UV
regions of the spectrum. For example, [1] cites obtaining from an argon
laser 0.5kw continuous blue-green radiation which is a record for the
entire shortwave part of the spectrum. At the same time, the use of high-
pover ionic lasers is held back to a great extent by their low service life,
reduced in fact to minutes at output power levels of about 100w [2] .

The indicated service life of high power ionic lasers is due to the fact
that for their functioning high-current stationary low pressure discharges
are required, in which there is usually extensive damage to the walls of
the discharge tubes electrodes, leading to the products of the damage
settling on parts of the optical resonator, which disrupts its normal
operation. It was noted previously in [1] that special discharge tubes

and electrodes, developed in the course of high-power argon laser investiga-
tions, make it possible to achieve high levels of output power of the ion
laser for about 100 hours,
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This paper describes the results of the work on further increasing the
reliability of parts of high-current discharge tubes of ion lasers and
the design created on that basis of a continuous fon laser with a service
1ife of about 1000 hours at an output power level of up to 300 watts,

Investigations of physical processes in high=current argon laser plasma

[ j- 7ﬁ shows that in order to raise the output power of argon lasers,

it is feasible to use wide tubes ( ¢ > 10mm) and that the development of
oscillations with discharge current in such tubes has the following

special features: 1) at gas pressure, optimal for output power oscillation
develops only at high currents in the discharge; under discharge conditions,
near optimal for oscillation, instabilities (oscillations) of discharge may
arigse that destroy the tube [3, 6] . From the viewpoint of increasing
laser reliability, the indicated features impose the following demand on

the discharge design: first, the ability to function without damage at

high currents in a reduced pressure discharge and, secondly, the possibility
of providing a stable existence of the discharge.

To obtain a high electron emission, we used a cold arc cathode retaining
the cathode spots of the arc within it by a self-heating refractory plug.

[ 1, 3, 9] . Such cathodes are capable of providing practically unlimited
stable currents on reduced pressure discharges for long periods without
cathode evaporations settling on the active part of the discharge and parts
of the structure as a whole.

The cathode was made from vacuum copper with the addition of pure bismuth

to the working cavity and was located perpendicularly to the longitudinal
axes of the tube (Fig. 1). As shown by preliminary experiments, at such a
position, the cathode transition shell, required for connecting the cathode,
may serve as an additional source for originating instability in the
discharge, therefore, ite shape and dimensions were selected on the bases

of compactness and the elimination of discharge instabilities. In particular,
it should be noted that the use of smaller diameter holes for conmnecting the
transition shell to the cathode led to the origination of instabilities in
the discharge., It is appropriate to note also that the requirement of
compactness, besides the purely design side, was also beneficial for metal
parts of the discharge structure because of a reduction in the effects of
pulverization, since at given conditions of the discharge pulverization
increases with the length of the parts up to the formation of '"cascade"

arcs [8] .

Preliminary experiments also indicated that a gas exhaust in the anode shell
unsymmetrical relative to the discharge axis may also serve as an oscillation
source in the discharge, due to the side deflection of the arc column by the
gas flow; to eliminate this source of instabilities a symmetrical exhaust is
provided in the design of the anode shell. The anode and cathode shells are
Joined smoothly to the active part of the tube by small transition sections
that reduce the nonuniformities of the potential distribution for the widenings
of the discharge.
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Fig. 1. High-current discharge tube:

A -- anode; K -~ cathode; T -~ section of pipe; B =- exhaust of vacuum-
hose;3 == 3 resonator mirrors., Small cross-hatch indicates molybdenum
parts, blackened areas show packing, arrows indicate water cooling.

A cylindrical anode 1s made of copper and is placed along the discharge

axis, The -anode has a central hole to pass the light radiation along the

discharge axis. The anode diameters were smaller in the first versions,
which increased the discharge current deasity at the anode and increased
the possibility of forming "amode" spots of arc discharge. The formation
of anode spots distrubed the normal existence of the discharge and led to
the destruction of the anode up to the complete burning out of its housing
where the spot was formed, The origination of anode spots in the described

design was eliminated by proper selection of: the dimensions and shape of
the anode unit. '

Fig. 2.- Section of pipe:

1 -- Working hole; 2 -~ holes “for reducing the effect of electrophoresis;
3 -- cooling holes (broken lineé shows cooling outlet in the anode shell);
4 -- holes for tightening bolts with insulation.
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Electrode units and the discharge tube were water cooled, The discharge
tube was assembled with individual metal sections (Fig, 2) coated with

R an A1203 film in order to achieve maximum resistence to ion bombardment and
to destruction by heat. Tubes of this type were used for the first time
for obtaining oscillations with argon ions at lower discharge currents in

10  and, in the course of further investigations 3, 4,6, 7 , were

improved for greater reliability at higher discharge currents. The active
length of the tube was two meters for a discharge diameter of 16mm close to
the optimal for the output characteristics of lasers with single-tune
lonized atoms [11] . The length of individual sections, made of AD-1
aluminum with a subsequent coating of an oxide film anodized in oxalic acid,
was 25mm, with a vacuum seal between them provided by gaskets made of
thermoresistent vacuum rubber lmm thick, with a tightening of the entire
tube by means of four longitudinal brass bolts. The section around the
central hole of the discharges channel had 8ix holes each of bypass
channels for eliminating the effect of electrophoresis (see Fig. 2).
However, preliminary experiments indicated that tubes with increased
lengths (> 1,5 meters for a 16mm diameter) and equalization of the gas
pressure drop in the anode and cathode shells by means of the indicated
holes, are insufficient for the normal work of the laser, because electro-
phoresis may create a considerable gas pressure drop directly along the
active length of the discharge. As a result of such a drop in the near-
cathode part of the discharge, which has lower gas pressure, instabilities
that destroy the tube may develop earlier than at a given gas pressure
optimal for the power of oscillation discharge currents [3, 6] .
Actually, in the design of the pipe used, instabilities could have originated
near the oscillation threshold. To eliminate this shortcoming, transverse
slots were ground in a part of the washers in the near-cathode region of the
discharge, which connect the holes of the bypass channéls with the active
part of the discharge. .

Fig. 3. High-power MIL-1 ion laser with the power supply unit,
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On the basis of the described high-current discharge tube, a prototype of
& high-power MIL-1 laser was developed which is shown in Fig, 3 (dimensions
together with a power supply unit 40 x 110 x 310cm)., The separate power
supply unit for the laser was designed to locate the electric power supply
switching apparatus, the firing circuit and the compact low-noise vacuum
pump, connected by a flaxible vacuum hose to the anode shell. A constant
flow of working gas into the cathode shell is provided by a regulator

from a small gas cylinder compressed to 150 atmospheres.

Laser power is provided by rectifying current from a three-phase 300-volt
network in accordance with the Larionov circuit, Since the voltage of the
basic rectifier (about 500 volts) is insufficient for forming the arc .
discharge, the initial discharge firing is done by a firing circult using
a 50 microfacad thyristor trigger charged to 3-4kv.

The power output of the laser is regulated by changing the gas pressure

in the discharge by the flow regulator. In order to eliminate laser
operation in modes of unstable discharge, which may originate with excessive
pressure reduction, the laser has a special safety circuit which uses

a selective amplifier tuned to the frequency of plasma oscillations (about
250kHz) . When they appear, the circuit sends a signal to the automatic
power disconnect. MIL-1 laser efficiency tests were made by filling the
laser with argon and a discharge current of 400 amps,

The laser resonator was formed by two internal multilayer dielectric mirrors
for the blue-greem part of the spectrum with radii of curvature R = OO

and ten meters. The transmission of the output mirror was selected, in
accordance with the quality of the mirrors, within limits of 4 to 8%; the
other mirror was opaque. With the best mirrors, the laser provides a
stable 300 watt output power on 514.5, 501.7, 496.5, 488.0, 476.5 and
457.9mm lines. The output power measurements were made to + 10% accuracy
by a syutem consisting of light filters and a photo-multiplier, calibrated
accordingto the absolute values in the region up to a 100 watts using a
standard IMO-2 power meter. Since the heating of mirrors increased with
the deterioration of their quality, average quality mirrors were sprayed on
the type of installation described 1n[ 12 1, for testing the service life
of the laser. Such a choice made it possible to perform the tests under
more difficult conditions of resonator operation with respect to heating.
The output power in this case was 200 watts. 1In the mode of multiple
switching the laser operated a total of 500 hours after which it was dis-
assembled for inspection. No reduction in output or any other disturbances
in laser efficiency were noted during the tests. In an inspection of the
parts of the structure, no essential changes were detected that would
indicate important limitations in the service life of individual parts.

(On several tube sections insignificant, easily removable changes occurred,
consisting of partial destruction of the oxide coating in places in contact
with water and subjected to corrosion, since water used for cooling is
obtained directly from ordinary water mains).
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It should be noted that the presence of an autonomous sytem for pumping

gas in the described type of lasers, unlike the soldered systems, practically
removes limitations for their storage time and makes it possible to retune
the laser quickly to operate on another optical range. Thus, we used a

tube of similar design on the laboratory test stand for three years for
obtaining high-power oscillation in the yellow-red and blue-green spectrum
ranges on KrIl and ArIl transition respectively and in the UV spectrum

range on KrIII and ArIII transitions., Special tests of the service 1ife

of this tube were not performed: according to approximate estimates it
operated for 1000 hours and continues to operate normally at present.

We will also note that by changing the type of the optical resonator [13] ’
it is possible to obtain high power oseillation in a one-frequency mode
(version MIL-1-01), This is important for applications where, along with
- the high power of stationary light flows, their high monochromatism is
required at the same time.
BIBLIOGRAPHY

1. Alferov, G. N.; Donin, V. I.; Yurshin, B. Ya. 'Letters to ZhETF," 18,
629 (1973).

2, Kitayev, V. F,; Odintsov, A, I.; Sobolev, N, N. UFN, 99, 361 (1969).
3. Donin, V., I,, Candidate dissertation IFP SO AN USSR, Novosibirsk, 1972,

4. Donin, V. I. Transaction of International Conference "Lasers and their
Applications." Dresden, 1970, p 491,

5. Boersch, H.; Boscher, J.; Holder, D.; Schafer, G. Phys. Letts A, 31,
188 (1970).

6. Donin, V., I. ZhETF, 62, 1648 (1972).

7. Donin, V. I, Int, Tagung "Laser and ihre Anwendungen,' Dresden, 1973.
Kurzffasungen zu den Vortragen, KI18.

8. Donin, V. I. "Optika i spektroskopiya," 29, 243 (1970).

9. Donin, V. I. Author's certificate No 289458, BI, No 1 (1971); PTE, No 3,
161 (1971).

10. Donin, V. I.; Klement'yev, V. M.; Chebotayev, V. P. ZzhoS, 5, 388 (1966).
11. Alferov, G. N.; Donin, V. I.; Yurshin, B. Ya., ZhPS, 25, 40 (1976) .

12, Glebov, Yu. A, "Opt. mekh prom," No 2, 46 (1972).

144
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000100050032-0

FOR OFFICIAL USE ONLY

13, Alferov, G. N.; Grigor'yev, V. A.: D
5, 29 (i978). ; yev, i Donin, V. I, KVANTOVAYA ELEKTRONIKA,

COPYRIGHT: 1Izdatel'stvo ""Sovetskoye radio", "Kvantovaya elektronika, 1979

2291
CS0: 8144/1033

1ks5
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000100050032-0

FOR OFFICIAL USE ONLY

PHYSICB
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HIGH-PRESSURE PERIODIC 002 LASER WITH THE NON~-SELF-MAINTAINED DISCHARGE
AND UV IONIZATION

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 370-372

gArticlery Ye. A, Muratov, V. D. Pis'mennyy, A. T. Rakhimov, submitted
Jun 78

EText] stimulated emission has been achieved from a high-pressure

250 “torr) COp laser under conditions of the periodic non-self-maintained
discharge controlled by spark sources of the UV radiation. It is shown
that the use of UV radiation sources emitting under pulse-periodic condi-
tions makes it possible to implement quasi-CW laser operation.

Papers dedicated to the creation of CO; lasers at atmospheric pressure,
operating in the mode of the non-self-maintained discharge using external
ionization of the gas volume by UV radiation, describe the obtaining of
oscillating pulses from a few to several tens of microseconds [2, 3] .
The length of oscillation in such systems is due primarily to the time of
exposure of the gas medium to external ionizing radiation. However, an
increase in the duration of the action of pulsed UV radiation sources
leads to a reduction in the light flux in the region of hard UV radiation
which, strictly speaking, produces the photoionization of the gas medium.
Therefore, to provide the necessary intensity of UV radiation, it is
necessary to increase the energy used by the ionization source considerably
which, in its turn, leads to a considerable reduction in the jower
efficiency of the laser,

On the other hand, an increase in the time of the action of the external
ionizer on the gas medium and, as a result, an increase in the unit energy
input into the non-self-maintained discharge, may be provided by using
controlled UV radiation sources, operating in the mode of comparatively
short pulses., Such an operating mode makes it possible, having preserved
the light efficiency of the UV radiation sources, to excite the gas medium
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by a non-self-maintained discharge for a fairly long time [4]. Moreover,
by using the excitation arrangement by a periodic non-self-maintained
discharge with a period of succession of illuminating pulses, not exceeding
the characteristic relaxation time of excited Ng and CO; molecules, it is
possible to expect to obtain a quasi-continuous mode of laser operation
for a long time.

This paper describes the obtaining of €02 laser oscillation at high pressure
(250mm of mercury column) with a periodic non-self-maintained discharge
(f = 10kHz), The periodic connection of spark sources of UV radiation made
it possible to implement a quasi-continuous mode of laser operation with
a characteristic length of radiation up to several hundreds of microseconds.

In our experiments, the active volume of _the discharge chamber was limited
by two electrodes with Chang's profile [5 y with a 4.2cm gap (electrodes
40cm long, 4 em wide). Voltage was fed to the electrodes by a storage
capacitor ( C = 20 microfarads). The non-self-maintained discharge was
initiated by connecting two spark sources of UV radiation, made on the
Principle of a multigap spark discharger, located 10cm from the optical
axis of the system, The source feed circuit assembled with TGI1-2500/50
thyratrons, made it possible to form a train of illumination pulses with

a frequency of up to 10kHz,

AL

Fig. 1. Oscillograms of current pulses (20A/division) of a non-self-maintained
discharge (upper beam)and radiation pulses (scan -- 100 microsec/division).
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A COp: Np: He = 2:68:30 gas mixture was used as the active medium to

which a small amount of easily-ionized organic admixture -- diméthyl
apiline -- was added, This admixture has a comparatively low ionization
potential. The total pressure in the discharge chamber in the experiment
wag 250mm of the mercury column. The resonator of the optical system was
formed by two mirrors: copper with a radius of curvature R = 5 and a flat
-~ made of germaniam with a 90% reflection coefficient., The current of the
non-gelf-maintained discharge, as well as the time of oscillation, was
recorded by a Ge-Au receiver,

Estimates show that under the conditions of the experiment, the time of
the existence of the inverse population of CO; molecules was determined by
the transfer time of oscillating energy from the N to the CO2 molecules
and was about 3.5 x 10"% sec. It is clear, therefore, that for a frequency
of excitation pulse sequence 2 kiiz, a quasi-continuous oscillation
mode may be provided.

The figure shows characteristic synchronized oscillograms of the non-self-
maintained discharge current and laser radiation for periodic spark sources
of UV radiation with a 10kHz frequency. The 8kv voltage applied to the
discharge interval was considerably lower than the breakdown voltage for
the working gas mixture and the pressure in the chamber. The length of
the individual current pulse of the non-self-maintained discharge was about
20 microsec.

As may be seen from the cited oscillograms, the excitation arrangement used
makes it possible to achieve & unit energy contribution comparable to

that characteristic for a continuous €O, laser, excited by an electronic
beam [6] + Moreover, it may be seen that periodic excitation of the gas
medium by current pulses of the non-self-maintained discharge (f = 10kHz)
provides a quasi-continuous mode of laser operation during several hundreds
of microsec. The considerable amplitude modulation of the radiation pulse
is apparently related to the fact that, under the conditions of the experi-
ment, pumping the gas medium at each individual pulse exceeded the corre-
sponding threshold value slightly. The same circumstance can also explain
the lack of oscillation at the moment of the appearance of the first current
pulses.

It should be noted that at sufficiently high values of E/p, the development
of ionization instability in non-self-maintained discharge leeds to a
considerable limitation of energy contribution to the discharge. On the
cited oscillograms, the start of instability development coriesponds to
the moment oscillation ceases and the interruption of the current pulse
sequence of the non-self-maintained discharge. In this case, the uniform
periodic discharge turns into an arc and capacity C is discharged fully.

- At lower values of electrical field intemsity, it is possible to maintain
the mode of stable firing of the periodic discharge for a longer time.
However, a reduction in the amplitude of the following current pulses in
each individual series apparently relited to the partial burn-out of the
organic admixture leads to a noticeable reduction of the oscillation level
with time. /
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The experimental results obtained indicated that by using periodic sources
of UV radiation for irradiating the COp = Ny - He gas mixture, it is
possible to maintain an optically active medium in higher pressure gas
during several hundred microseconds. Investigations related to the further
increase in the light and power efficiencies of such systems may be very
promising for the creation of continuous high~pressure CO; lasers in which
ionization of the gas medium is provided by UV radiation.
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SELF-LOCKING OF AXIAL MODES UNDER OSCILLATION OF STIMULATED RAMAN RADIATION
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 375-377

‘[Article by N. V. Kravisov, N, I, Neumkin, ‘Sclentific Research Institute of
Nuclear Physics, MGU imeni M, V. Lomonosov, submitted 2 Feb 78, after revi-
sion -~ 12 Jun 78] ‘

[Text] Experimental observation is reported of self-locking of axial modes in
a compressed Raman laser. Spectrum self-locking has been observed under the
excitation of the stimulated emission in a high-Q long resonator,

It 18 knowm that the pumping of forced combinational radiation
is usually accompanied by a change in the time characteristics of the
forced radiation compared to the contour of the pumping field [1, 27 .
However, the compression occuring in this case of combinational radiation
pulses compared to pumping pulses is usually relatively small, The reason
for such a compression are the threshold character of the origination of
forced radiation in the medium with losses and the nonstationary nature of
the process. In [3] , supershort (3 x 10-10 gsec long) pulses of Stokes
radiation were obtained for inverse VKR [Stimulated Raman scattering]
of a ruby laser radiation.

Of undoubted interest is the investigation of the possibility of obtaining
pulses as short as possible of forced combinational radiation by using multi-
mode pumping as shown in [4] + Below are given experimental proofs of

the possibility of self-locking of the combinational radiation spectrum when
the latter is pumped in a high-Q optical resonator.

2, The experimental installation consists of a ruby laser with an optical
delay line (OLZ) within the resonator. The OLZ was placed i.. a chamber filled
with compressed hydrogen at a pressure of about 50 atmospheres [S] .
Mirrors of the laser resonator and the OLZ had a high coefficient of
reflection (r ~ 97%) on the pumping wavelength ( A = 0.69 microns), as
well as on the wavelength of the first Stokes component ( A = 0.975 microms).
The effective length of the laser was 7.8 meters. The ruby laser operated

in the free oscillation mode and its radiation was an irregular sequence of
spikes several microseconds long each. There was no noticeable synchroniza-
tion of the modes within the radiation spike. The percentage of modulation
at the frequency of intermode beats did not exceed 10%.
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The use in experiments of a laser with a large effactive langth of the
resonator provided multimode pumping in which there was, however, no
noticeable mode synchronization, and also a possibility of a high ampli-
fication coefficient at the combinational radiation frequency even at
small pumping intensities which eased the investigations of the time
structure of radiation.

3. The investigation of such a laser made it possible to astablish that
combinational radiation, excited by multimode pumping, is a periodic

sequence of short puleses with a frequency determined by the time the light
passes around the resonator (¢/2L). A typical oscillogram of lagser radia-
tion on a combination frequency is shown in Fig, 1, It may be seen that

the radiation has a form characteristic of UKI [supershort pulses] ,
obtained vhen synchronizing longitudinal modes. The length of these

pulses did not exceed 1 nanosec. We will note that the degree of synchroniza-
tion of pumping radiation did not change noticeably upon origination of

the VKR,

A necessary condition for the origination of a periodic sequence of short
pulses at the frequency of combinational radiation is -the availability

at that frequency of a high-Q resomator, without vhich an  origination of
a combinational radiation in the form of an UKI train is impossible,

In this case, the pulse of combinational radiation has a length comparable
to the length of the pumping pulse, while its percentage of modulation

at the frequency of intermode beats is found to be small, '

4., The origination of synchronization of axial modes at the Stokes

radiation frequency at multimode pumping is apparently the result of the
operation of a mechanism considered in 4] and related to the discriminatory
separation of the maximal fluctuating pulse at the resonator period due

to the nonlinear law of conversion of the pumping radiation into combina-
tional radiation. This process may also be facilitated by the "fast"
component of polarizability of the medium, discovered in [6] which may

be considered the compelling force also leading to the origination of self=-
locking,

5. Thus, the obtained results attest to the possibility of the origination
in the "long" VKR active medium, placed in the optic resonator, self-
locking of axial modes at the Stokes radiation frequency for intra-resonator
excitation of the latter by the pumping multimode radiation.

The obtained results, taking into account [6] » where the possibility is
shown of oscillation under certain conditions of several Stokes and anti-
Stokes radiation components with similar intensities, increase the

probability of experimental detection of extensively short light pulses

(less than 10-14 gec long), that originate when there is a mutual synchroniza-~
tion of several Stokes and anti-Stokes components of combinational laser
radiation [7] .
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B PRYSICS

UDC 621,378.9:535.375
DIVERGENCE FROM A RAMAN LASER WITH A SLOWLY RELAXING ACTIVE MEDIUM
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 372-375

v

[Article by S, B, Kommer, V. D. Nikolayev, V. D. Urlin, submitted 9..Jun 78]

[Text] =~ The formation of the angular characteristics of a liquid-nitrogen
Raman laser output radiation is considered theoretically. Accumulation '
of vibrationally excited molecules with greater polarizability in the
process of the stimulated Raman scattering is shown to be the principle
mechanism of generation of optical inhomogeneities in this laser active
medium, The calculated integral angular distribution of the output energy
18 -in agreement with the experiment.

Introduction

In recent times, the great interest in combinational lasers [1-5] is
explained to a great degree by the prospects of their practical applications
to spectroscopy, plasma diagnostics, stimulating chemical reactions, etc.
Besides retuning frequencies, these lasers make it possible to increase

the brightness of a light beam. Considerable success in this direction

was achieved by using liquefied gases, in particular, liquid nitrogen as

the active medium [1, 4, 5] . Along with transparency in a wide range

of frequencies, liquid nitrogen has high optical stability, a low Kexr [5]
constant and, as was found recently, an extremely long time of oscillating
relaxation 1y, L6- 8] . The latter quality places it in a special position
among traditional active media, since during the time of the pulse action,
the energy spent on the oscillating molecules, does not have time to convert
into heat and essentially destroy the optical homgeneity. As shown by

an analysis performed in this paper, the basic mechanism of forming

optical inhomogeneities in such a medium is due to the high polarizability
of molecules in the oscillation-exicted state and the increase in their
quantity in the process of the stimulated Raman scattering.
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1. Opitcal Inhomogeneities of the Active Medium

It is known [9-12] that molecules in the oscillation-excited state are
highly polarizable, as a result of which when their concentration increases,
the refractive index of the medium increases. According to_data in EIOJ s
the relative change in nitrogen polarizability is Avios 1.5 x 10-2

The value of the refractive index change is related to Au/e” by the following
relationships:

o A e e
ang = S 00 = 1), 0] ¢))

where A Nj =-- population change in the first oscillating level due to
stimulated Raman scattering VI(R] i No =- density of the number of
molecules; n, =-- refractive index of the undisturbed medium. For

A N, & Ny, the equation describing the population of the oscillating level
dynamics has the form [13]

JANY . AN, gl
=t @
where g -- amplification parameter of VKR; Iys» Is == intensities of
pumping and the Stokes wave; Ws - frequency of the dispersed radiation.

In the case of rectangular pumping pulse t " long we find from (2)

ANI () = -Ll-n'l‘:—:r—v— (1 - e—l“/tv)‘ ) . e (3)

During this time, the following amount of heat is emitted from the working
substance

Q JT—"} { AN, (Vdt = %:-‘-gl,.l,r,.'[l—I,E‘(l—e—'“/w)]. ®

which, under conditions of equalized pressure in the liquid, leads to a
reduction in the refractive index by value [14] .

: (n,_i)r
Ay 2= 2070 X
Po":. Q

®
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whera Po. I, vy == respectively density, Gryunayzen's coefficient
and the speed of eoung (in liquid nitrogen My 3.4, Vs = 105cm/aec,

Po = 0,8 grams/cm“). The energy of the oscillating quantum Ko, =
4,5 x 1520 joulas,

In the following, in estimating, it is convenient to deal with values
averaged along the length of the working cuvette and measured in experiments,
For this we will take into account that in a combinational laser with a

long active medium 1

[POTPRPRPA

"‘ N " - s e . . e e
1 _ 1 4
-,—ng..(/:“w, )de == 2. .I_Jd?';d,,:nln(o. 9

vhere % -- efficlency of conversion of pumping into the Stokes component

of the VKR, Then, designating by We=n/yy(0)t, /1 . the energy dispersed
in 1cm3 of medium,for Ay = 1,06 microns and T, >ty vewill
obtain

‘Il
Aaw 1,25. 10~ J Py(ndt

Ang (fy) me (g — 1) m“:—.-a-l.%-w"w.:—-—s,“; ®
= 1) Fow,t, |
Anat - (n uWaely 10~ _fl__.
2 (tn) & _g‘?pov.’.w.rv = 1,30-10~4w, -, )
Ang = An + Any = An (1wt /49, ®
where
24ap,v2,Ty

Iy = _G.PW =20.10=37y,

P; -~ the power of Stokes beam with cross section S. It may be seen from (8)
that the heat emitted during the VKR procees has a considerable effect on the
optical homogeneity of the active medium and the divergence of the output
radiation only for pumping pulse lengths fnZly (see also 12 ),
According to 8 , the oscillating relaxation time in pure liquid nitrogen
is about 56 seconds. In this case, a small amount of the dissolved admixtures
of organic molecules may reduce Ty considerably. Thvs, in 7 is shown
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that an admixture of methane of about 10'4% leads to a reduction in
Ty to 10~2 geconds.*

Papers [ 4,5] investigated a combinational laser with pumping by the
radiation of a neodymium laser in the mode of free oscillation and produc-
ing a series of spikes with a total duration of 200-600 microsec., Under
such conditions, the thermal mechanism has no essential effect on An
only in pure nitrogen with Ty > 0.1 sec or in the presence of methane
admixtures to an amount less than 10~5%, In [4,55 » no information is
given on the purity of the working medium, however, they pointed out that
special measures were taken to clean it thoroughly., 1In these experiments,
apparently 1w s therefore, in the following we will neglect
the emission of heat in its medium in estimating the divergence of the
output radiation of the combinational laser.

2, Divergence of Output Radiation

The mechanism of forming the angular radiation pattern of the output
radiation in quantum oscillators with an optically inhomogeneous medium
was investigated in 5-17] + It was shown that the cone aperture angle,
within the limits of which the basic portion of the energy is propagated,
is related to the change in refractive index A n in the active region

. by relationship ] .

0 ~s2 V2800, 1l1ps

where 1 -- length of active medium; 1p -= length of resonator; n, = 1.2,

The specifics of the combinational laser is that the optical inhomogeneities
in its medium increase with time. From the viewpoint of the speed of the
electrodynamic processes in the resonator, these changes An (t) are
slow and the width of the angular radiation pattern of the light beam follows
their value parametrically. We will assume that the instananeous angular
distribution of the radiation power is Gaussian:

Fp 0, = —tll ¢=20%0300

=02 (1) )

with a characteristic angular width

| . ! 1/2
Oo(t)n[sTn:-lAn“(l)-}-e:] " [abs p.(odt-;-e,";] ,

*Measured constant of atteguation by methane of the oscillating excitation of
nitrogen is atout 8 x 10°*/ cm3/sec.
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where @H == initial divergence of radiation, due to static inhomogeneities
of the refractive index and the aberration of the resonator; B = 1,2 x 10~5
(sip)-1, Integrating (9) with respect to time gives an expression for a
normalized integral radiation pattern :

»

[

l 201 . 20
Fx (o)mm[m(—-q)—ﬁl("‘“)]' “

Here EL (-x) == integral exponent;
8yl
o Y/ BT b 04 02

is the instantaneous divergence of radiation at the end of the pulse,

E(9)/E(=)
Lor P
/”/
S
0,5k 4
( //
/
Z
1 1 1

/) 1 ? 610

Fig. 1

The angular energy distribution corresponding to pattern (10) has the form
20? 208 200 | 0% _gged 0% _ogee?
EO e —gimor B =97 | B - %7 4 ggie 200 —ggi ¢ Al
n"'on (3 ]

We will note that the integral angular radiation characteristics of a com-
binational laser do not depend on the time behavior

determined by the density of the output energy.

of its power and are fully
tor, described in [4, 5]

The combinational oscilla-
had an active length of the medium 1 = 50cm
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and radiated, in a beam with a cross section lem? on the first

( 24 = 1.4] microns) and second ( A5y = 2.1 mlcrons) Stokes frequencies,
36 and 6 joules respectively, Taking into account the two Stokes components,
the change in the refractive index in the medium is

o 1,26.10-8 N “
Aty 22 =g (Eo+ "T:’L Enl)N 1,36:10=9,

It follows from experiments [4, 5] that 04/0,23.  Assuming

0,/0,=3 and determining from Fig, 27 in 5] 1/1p R 0.7, we
obtain the angular energy distribution shown in Fig: 1 (broken line).
For comparison, there is also shown by a solid line experimental relation-
ship E ( @ ) which agrees well with the calculated ona. Thus, the
angular characteristics of output radiation of a combination laser using
liquid nitrogen are explained satisfactorily by an increase in the
refractive index due to the change in the polarizability of molecules in
the VKR process.,
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PHYSICS

UDC 535.375

SMALL~SIGNAL WAVEFRONT REVERSAL UNDER NONTHRESHOLD REFLECTION FROM A
BRILLOUIN MIRROR

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 394-397

[Atticle by N. G. Basov, I. G, Zubarev, A. V. Kotov, S, 1. Mikhaylov,
M. G. Smirnov, Physics Institute imeni P. N. Lebedev AN USSR (Moscow) ,
submitted 2 Aug 78]

[Text] A method 1s suggested and implemented for small-signal wavefront
reversal (OVF) under stimulated Brillouin scattering (VRMB) in a lightguide.
This method may find use in nanosecond pulse wavefront reversal,

1t is well known that the effect of wavefront reversal (OVF) at VRMB of
spatially-inhomogeneous pumping makes it possible to compensate effectively
for phase signal distortions in two-passage optical amplifiers[1, 2 ] .

The given method, however, has & considerable shortcoming since, in view

of the threshold nature of the reflection of the initiating radiation from
the cuvette with the active substance, it does not permit obtaining OVF
signals with an intensity lower than the threshold intensity. At small
excesses above the threshold, the reflection coefficient may change strongly
from one laser burst to another due to insignificant intensity variatioms,
as well as to possible changes in the width of the pumping line [3] . All
this makes the practical realization of the given effect difficult in,
arrangements where it is impossible or undesirable to have a signal with an
intensity exceeding the threshold by many times [ 2,5, 6 ] . This difficulty
may be avoided, if a more intensive wave is sent into the cuvette with the
active substance along with a weak signal wave. Then the amplification
increment of the reflected signal will be determined by the intensity of the
pumping waves and in the implementation of the OVF effect, there will be
observed a nonthreshold reflection of the weak wave.
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2. The theoretical eondideration of scattering of the weak wave in the
presence of a strong one will be done on the basis of a theory developed
in 4] + We remind the reader that if the pumping field is represented
in the form

CN e
Egwm ;A,‘e""".
and the Stokes signal field is
Nooade 1th K st
Eo = dame ™ , v m= =K
1

then the system of equations describing changes in the Stokes wave ampli-
tude along the direction of its propagation may be presented in the form

N ‘ T
fGut Sttt 43 et S0

When OVF conditions are fulfilled (see, for example. [4] ), the effect of
number S, (z) is negligibly small:

d:'u-g‘n?:,lel'an‘f' "g'An E Amam. @

men

System (2) may be solved on the assumption that

IS 1Anlt, ke, .., ¥,
mar
and the solution has the form R i
. ;. - - - .

Y Aman(0)
M|

n (2) =tap, (0 +h Ll L,
n(0)e e A ? (e" )

7 -1 ®)
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where

. N
. Iw N | Anl net,, . N
meal

In developing the reflected Stokes signal for the passage from spontaneous
noises intensity M= giz 31, we, therefore, obtain from (3)

an(2) mconsi.-A ,',e‘ }’. @

Let the pumping field consist of two components:

where

ko "
Bl = N e
1w

is a strong wave and

R . lk".r
EP= 3 Ane®

n 1

b4 =

is a weak wave, while
Ammt, ... k1> Mmabi, ... N

and
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It follows from (4) and (5) that

Equ B B const £ 812, 0y B3 enls,

Thus, it has been shown that the OVF will be observed also for a weak
pumping component and the prasence of a strong wave permits obtaining the
reflection of a weak wave as effectively as a strong wave,

3+ An experimental investigation of such a mode of scattering was performed
on an installation shown in Fig, 1, The radiation of a ngodymium lager 1
(length of pulse T~ 25ns, width of line Avy 55 x 10”%em~1, divergence

- 6 = 3 x 10"% radians, diaphragm 2 & 3mm) by means of a wedge-shaped
Plate 3, which formed two beams, was introduced into optical amplifier 5
with an amplification coefficient for the weak signal of about 50, One of
the beams imitated the weak pumping component and was attenuated by filter
system 4, while the other beam was amplified without preliminary attenuation.
At the amplifier exit, both beams were converged by means of glass wedges 6
to one place of phase plate 7 (the phase plate increased the “gray" divergence
of the single-mode of the He=Ne laser single-mode beam with A= 0.63
microns and 3mm diameter up to a value of Qv 2 x 10-2 radiang)., The image
of the illuminated part of the phase plate was transmitted by lens 8 with
f=25¢m o Brillouin tuvette at the entering end of light conduit 9 filled
with cacbon disulfide, The length of the active part of the lightguide was
70cm at a diameter of 2,Smm, Measuring complex 10 served for the determinag-
tion of the energy characteristics of incident and reflected waves in both
beams; moreover, photographs were taken of the intensity distribution of the
radiation reflected from theBrillouin cuvette in the plane conjugated with
the plane of exit diaphragm 2, Diaphragms were installed ahead of calori-
meters, measuring the energy of reflected signals, the dimensions of which
corresponded to the dimensions of pumping beams which made it possible to
measure the reflection coefficients in the directions of weak and strong
Pumping waves. Experiments were made first on the OBF of each beam separate~
ly. Photographs of the corresponding distributions and the measurement data
on the divergence of incident and reflected waves indicated that the value
of the reversal parameter (see [2] ) 1s near unity.

4. Fig. 2 shows the curves of the relationship between the reflection
coefficient in the direction of weak wave and the intensity of the weak
wave in the absence and presence of a strong wave. It may well be seen
that in the absence of a strong component, the reflection has a threshold
character usual for the VRMB. In the presence of a strong component, the
reflection coefficient does not depend on the intensity of the weak wave
and is almost equal to the reflection coefficient of the strong wave and
there is no threshold. We will note that in the process of the experiments
the intensity of the strong pumping component was maintained practically
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conatant, while the reflection coafficient of the atrong wave was equal

to 17,5%. Fig. 3 shows the relationship between the reflection coafficients
of the weak and strong waves, In this case, the intensity of the weak

wave was 1/5 of the threshold wave. It may be seen that the reflection
coefficients of both beams were equal in the entire range of intensity
change of the strong wave.

The given arrangement also makes it possible to obtain effective reflection
and reversal of the wavefront of weak pulses the length of which is smaller
than the length of the strong component of pulsing., We shortened the weak
pulse to T ~10ns by means of a mylar film (we remind the reader that

the length of the laser pulse is 25n8), The intensity of the weak component
will be in the order of several percent of the strong component. The
reflection coefficient of the weak component was 77 and of the strong -- 10%.
This difference is explained by the fact that in the given method of shortening
the pulse, its maximum falls at the rear front of the long pulse. The

value of the reversal parameter of the short pulse was within limits of

0.7 - 0.9,

Fig. 1. Arrangement of experimental installation for investigating non-
threshold signal reflection.
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5. This experiment may be interpreted in terms of a four-wave shift,
However, the given arrangement has a considerable advantage compared to
the OVF arrangement for a degenerated four-wave shift, since here the
counter waves need not be plane without fail, because the reverse (strong)
Stokes wave is obtained due to the OVF and, therefore, is always compre-
hensively conjugated with the incident one.
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PHYSICS

UDC 621,378.33
AN ELECTRON=-BEAM-EXCITED XeBr LASER
Moscow KVANTOVAYA ELECTRONIKA in Russian Vol 6, No 2, Feb 79 pp 400-402

[Article by I. N. Konovalov, V. F. Tarasenko, Institute of High-Current
Electronics, Siberian Department of AN USSR (Tomsk), submitted 14 Aug 78]

[Text] The results are reported of an experimental investigation of the
laser action in the Ar-Xe-CyF,Br, mixture at 2 = 281,8nm. The radiation
power of 3Mw and the specific raaiation energy of > 1 joule/liter have
been achieved.

Eximer lasers using halides of noble gases are being intensively investigat-
ed at present. Oscillation has already been achieved on molecules of XeF*,
KrF*, ArF*, XeCl*, KrCl*, ArCl*, XeBr*, XeI* [1-8] . Although laser
radiation using halides of noble gas was first achleved on XeBr* molecules

[ 1] , DrF and XeF lasers became the most widely used. This was due to

the small radiation energies obtained in an XeBr laser when excited by
electron beams [1, 3] . It was shown in[7, 8] that the efficiency of
the XeBr laser increases when pumped by a fast discharge.

This paper cites the results of the experimental investigation of an XeBr
laser excited by an electron beam.

An accelerator with 100-150kev electrons, 250 a/em? current density in

the beam and a 50ns current pulse length, was used for pumping the laser.
The beam was introduced through a 20 x lem window into a laser tube 35cm
long and 2cm in diameter, made of a steel foil 25 microns thick. The
energy put into the gas was calculated by taking into account the electron
scatter in the gas and the energy spectrum of the electrons outside of the
foil, The distribution of the absorbed electron energy across the
thickness of the gas layer was taken from [9] and the electron spectrum
was determined experimentally by the foil method. The optical resonator
was formed by a flat mirror with an aluminum coating and a plane-parallel
quartz plate. Radiation characteristics were recorded by an 1MO-2 calori-
meter, FEK-22 photodiode, I12-7 oscillograph and ISP-30 spectroheliograph.
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The operating efficiency of an eximer laser depends to a considerably
extent on the proper cholce of the halogen carrier. Thus, when exciting
an XeBr laser with a rapid charge, the best results were obtained by
using CyF4Br, and HBr [7, 8 ] . We investigated the effect on the
efficiency o% the XeBr laser of the following halogen carriers: Br,,
CyF,Bry, CpH,Br,, CHBry. When exciting electrons of mixtures of Ar, Xe and
halogen carriers, the best results were achieved by using CyF;Bry and
CHBr,, however, CHBry has a low pressure of saturated vapors. Mixtures
with Bry; and CoH,Br, gave for the same pumping smaller radiation energy

by an order of magnitude, The low laser efficiency when using Bry was

due to the strong absorption of laser radiation in Brp. This is confirmed
by the optimal concentration of Br in the mixture smaller by an order of
magnitude compared to other bromine carriers,

Fig. 1 shows the relationships between the radiation energy, energy put
into the gas by the electron beam and the delay time of the radiation time
with respect to the start of the current pulse of the beam, and the
pressure of the mixture. With an increase in pressure, maximum radiation
energies are attained in mixtures with a greater content of Ar and a
smaller concentration of CyF4Bry. Delay time .3 decreases thereby.

tyoHC; Wy MAX (1) o WAk (2)
30 I
40 )
30 9
20 §
10 3
0 ©)]

Fig. 1. Relationship between energy put into the gas from the electron beam
Wp (1), radiation energy W(2-4) and delay time of the radia:ion pulse with
respect to the beam current tj (5), and the mixture pressure for the follow-
ing ratios of components in the mixture: Xe: CoF4Bry = 40; Arx:Xe = 37.5 (2);
75 (3) and 150 (4).

1. t3, ns; W , m joules 3. atmospheres
2. W,, joules
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Fig. 2. Relationship between radiation energy and CyF,Br, content in
mixture Ar:Xe = 75 at various pressures.

1. m joules 2, atmospheres

Fig. 2 shows the relationship between the energy of radiation and the
percentage of CyF,Br, content at various pressures in the mixture. For

a8 mixture pressure of six atmospheres, the optimal pressure of CyF;Br)

at 209C was 1.8 x 10-3 atmospheres. Fig. 3 shows oscillograms of the

beam current, laser radiation and the laser radiation spectrum. A short
radiation pulse at the half-height and a high peak power are characteristic
of the XeBr laser. The radiation spectrum is a symmetrical line 0.4mm
wide with a center on wavelength A = 2818nm.

The investigations show that in energy characteristic the XeBr laser with
an electron beam excitation is not inferior to an XeF laser. A 3Mw
radiation power and a unit radiation energy > 1 joule/liter were
obtained using an Ar:Xr: CyF;Bry = 2000:40:1 mixture. The efficiency of
oscillation with respect to the energy put into the gas from the beam was
about 0.47%.
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Fig. 3. Oscillograms of beam current pulses and laser radiation (a) and
spectrum of laser radiation (b) in mixture Ar:Xe:CyFsBry = 2000:40:1 at
a pressure of 5 atm,

1, Mw 4, relative units
2. J, kA 5. nm
3. ns

The authors thank Yu., I. Bychkov for his support and A, G. Yastremskiy for

calculating the energy put into the gas by the electron beam.
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PHYSICS .

UDC 621.378.33

AN ELECTRIC DISCHARGE LASER UTILIZING SFg + H2 MIXTURE PUMPED BY AN
- INDUCTIVE STORAGE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 408-411

[Article by A. F. 2apol'skiy, K. B, Yushko, submitted 9 Jun 78, after
revision -- 5 Sep 78]

[Text] Results are presented of experimental studies of an electric-
discharge chemical laser utilizing an SF¢ + H, mixture with an inductive
storage in the pumping scheme. An inductive storage circuit is described
which makes it possible to obtain a uniform longitudinal electric discharge
without preionization in a laser cell with a volume of 3,7 liters under
mixture pressure of up to 46mm Hg. The laser energy amounted to 6.9 joules,
the signal being 40Mw, when the energy stored in the capacitor bank was
equal to 3kjoules. The maximum emergy output of 6.2 joules/liter has been
achieved from the volume of 0,29 liters under the SFg + Hy (3: 1) mixture
pressure of 68mm Hg.

To obtain short oscillating pulses in an HF laser by initiating a chemical
reaction by means of an electronic beam or a high-current discharge,
usually a low-inductive capacitor bank is used which is charged to high
voltages. An Arkad'yev-Marx oscillator and a double forming line [1 - 4]
are widely used elements in arrangements for feeding lasers. It is also
well known that by using an inductive storagec arrangement, it is possible

‘ to obtain high-power electric signals 0.1 to 1.0 microseconds long [5, 6]
on the load.

This paper gives the results of the experimental investigation of an HF
laser operation with about an 0.1 microsecond oscillating pulse., It is
pumped by inductive storage, loaded on the resistance of the plasma dis-
charge in the working medium of the laser, An arrangement of longitudinal
discharges was investigated, An SFg - Hy mixture usually used in electric-
charge HF lasers [3, 4, 7-9] was employed as the working substance.
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Fig. 1. Arrangement of experimental installation: 1 -- cuvette with
SFg = H2 mixture; 2 -- storage inductance; 3 -= circuit breaker; 4 -«
IK-50-3"capacitors; 5 -- FEK-14 photoelement; 6 -- IKT-1 calorimeter;
7 -- detector; 8 -- ghield of illuminated photographic printing paper,

Ivestigations were performed on the installation shown in Fig. 1. Two
IK-50-3 capacitors (4), comnected in series » were charged to +25kv and

-25kv. Their capacitances of 1,5 microfarads were discharged through two
controlled spark gaps and a working storage inductance through the resistance
of circuit breaker 3.

§
| The circuit breaker consisted of copper wire 0.06mm in diameter and 35 cm
long placed in a polyethylene tube filled with a silicon carbide powder
with about 10 micron grains. The powder served as an arc-quenching
material and, at the same time, reduced the effect of the shock wave
originating when the electric rupture of the wires occurred.

‘Laser curvette 1 with the SFg - H2 mixture was connected in parallel with
the circuit breaker or the inducténce. The cuvette, 38mm in diameter and
a distance of 35cm between ring electrodes made of stainless steel (volume
0.29 liters), was made of caprolan. The cuvette windows of IR quartz were
aligned with each other with one window serving as the output window of

the resonator. A gold-coated dead mirror could be Placed instead of one

of the cuvette's windows. When studying the oscillation spectrum, a window
made of a BaF; crystal served as the output .w:irror of the resonator,

Maximum voltage across the cuvette electrodes was obtained at a working
inductance of 2.1 microhenries (the total inductance of the loop was 2,5
microhenries).
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Fig, 2. Typical signal oscillograms: . = = T o

a) upper beam -- light signal from discharge plasma into the laser cuvette;
lower beam == current pulse (marks every, 200ns); b) upper beam .-=- oscillating
signal; lower beam -- voltage pulses, across electrodes of laser cuvette;

Ug = 50kv, Upay = 290kv; Ip,, = 36ka, Ep, = 0.85 joules; p = 46mm Hg;
mixture SFg: Hy = 4351 = 7 ¢ e U

Fig. 3. Arrangement of inductive storage

1 -- laser cuvette; 2 -~ eircuit breakers; 3 -- storage inductances s 4 -
IK-50-3 capacitors.

1Th
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Fig. 2 shows typical signal oscillograms. Since there was no preliminary
L ionization of the mixture, the maximum working pressure was limited by
\ the value of the voltage applied to the cuvette electrodes,

B To obtain a discharge at higher pressures of the working mixture, the

: inductive storage was connected into a circuit shown in Fig. 3. A
parallel connection of additional inductances and a circuit breaker made
it possible not only to almost double the voltage applied to the cuvette
electrodes, but also increased the switched power due to a reduction in
the length of the current and voltage signals,

Er\,,dx (3) Er, AN

0 1 1 1 L 1 L a 1 1 1 ( 4)
20 40 1020 30 p, MM pm.cm.
5

60
B, MM pri1.Cm.
a

Fig. 4. Relationships between oscillation energy E'., and pressure of
working mixture p in the cuvette:

a) 0.29 liter cuvette; Ug = 50kv; connection in accordance with arrange-
ment in Fig. 1, mixture SFg - Hy = 4:1 (1) and according to arrangement
Fig. 3, mixture SFg: Hg = 3:1 (2); b == 3.7 liter cuvette; connected in
accordance with arrangement in Fig. 3; mixture SFg: Hy = 3:1, Ug = 50kv (1)
and 63kv (2)

3. joules 4, mmHz

The relationship between the oscillation energy and pressure of mixture
SFg: Hy = 4:1 when the storage is operated in accordance with the arrange-
ment in Fig. 1 is shown in Fig. 4a (curve 1). Maximum oscillating energy
attained 1 joule for a signal length at the half-height in 100ns. The
distribution of oscillation energy on the output mirror was fairly uniform.
Transition lines P,(8) and Py(9) of the excited HF molecule were the most
intensive in the radiation spectrum.

With the storage working in accordance with the arrangement in Fig., 3 with
the previous capacitor bank, the maximum oscillation energy was attained
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at 3.0 microhenry inductances and 45cm long circuit breakers. The
maximum oscillation power obtained from a 0.29 liter cuvette was increased
to 1.8 joules (see Fig. 4a, curve 2),

The formed voltage pulse with an amplitude > 500kv made it possible to
nbtain a uniform electric discharge in a 3.7 liter cuvette with an internal
Jdiameter of 9.6cm and 5lcm length of the active part. (A similar method
for creating a volume charge, but with a different electrode configuration
and a feed from an Arkad'yev-Marx oscillator, was proposed in [ 4] ). The
relationship between energy oscillation and pressure in the SFg - H
mixture for this case is shown in Fig. 4b. The maximums in the cited
relationships were observed as the most uniform energy distribution at

the output mirror of the resonator (Fig. 5). A reduction in the oscillation
energy at pressures higher than 30mm Hg was due to a reduction in the
efficiency of the energy transfer from the storage to the electric
discharge.

The maximum oscillation energy was 6.9 joules at a 40Mw signal and a
technical energy efficiency of 0.23%. Fig. 6 shows oscillograms of
oscillation signals when the laser operates with an arrangement of an
inductive storage shown in Fig. 3.

Fig. 5. Distribution of laser radiation over the cross section in the near
zone (picture of a burn on the illuminated photographic priating paper);

Ep = 6.3 joules; p = 34mm Hg, mixture SFg: Hy = 3:1, VK = 3,7 liters.
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Thus, the results of this paper show that the use of an inductance storage
in the feed circuit of the electric discharge HF laser makes it possible
to form a uniform longitudinal electric discharge in cuvettes with
considerable volumes at pressures of working mixture SF, = Hy of tens of
mm Hg and obtain high power oscillation pulses about 1 microsecond long.

Fig., 6. Oscillograms of oscillation signals taken off a 0.29 liter
cuvette (a, P x " 17mw, 20ns marks) and 3.7 liter cuvettes (b, Pmax a
31Mw, 40ns maBRE).
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RADIATION PULSE LENGTHENING IN A SECTIONALIZED 002 LASER WITH SUCCESSIVE
EXCITATION OF WORKING MEDIUM

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 2, Feb 79 pp 417-421

[:Article by V. P. Kudryashov, V. V. Osipov, V. V. Savin, Institute of
Atmospheﬁe Optics, Siberian Department of AN USSR (Novosibirsk), submitted
1 Sep 77

[Text] The .theoretical and experimental analysis is glven of sectionalized 002

lagsers with successive excitation of separate sections. Optimization of
separate section parameters has been performed (gas composition and

pressure, energy contribution) which made it possible to obtain long (up

to 100 Ms) high-power radiation pulses under electric discharge excitation.
It is shown that under thne successive excitation of two sections, the laser
radiation pulse duration is 2,5 times longer than that of radiation pulses
obtained under both independent and simultaneous excitation of separate
sections,

When using pulsed COp-lasers with high peak radiation power for technological
purposes, a dense plasma forms on the machined surface, which shields the
target from the laser radiation [1] + The radiation pulse of typical

lasers contain a comparatively short initial peak (50-100ns) accompanied

by a long drop (1-2 microseconds), during which the radiation power is an
order of magnitude smaller than the peak. For techrological lasers, it is
more feasible to have radiation pulses of smaller power but longer ones
(about 100ms) with a high unit energy of radiation,

At present, several types of CO, lasers are known in which long (about 10
microsec) radiation pulses are obtained: 1) CO; lasers with low pressure
(about 100mm Hg) when the small collision frequency provides a long time

of existence of inverse population [2 + 2) COy lasers at atmospheric
pressure with a high concentration of nitrogen in the CO2 + Ny + He mixture
(a higher effective lifetime of the upper laser level is provided by the
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transfer of energy from the vibration-excited nitrogen molecules [37]);

3) CO0, laser, excited by a nonindependent charge controlled by an electron
beam, The time of inversion existence may be close to the duration of

the electron beam[ 47 .

Fig. 1. Arrangement of multisectional laser.

The use of the first two types of CO, lasers does not provide for two of
the above conditions due to the low aensity of active molecules and, there-
fore, the low unit radiation energy. By the excitation of the working

- medium by electron ionization, it is possible to obtain long smooth
radiation pulses with high unit power take-off, however, higher powur
characteristics are achieved nevertheless by shorter durations of pumping
since, in this case, the pumping power increases and, therefore, also
the gain of the active medium and the energy introduced into the working
med fum [5-7] .

Higher parameters may be obtained by using sectionalized excitation of the
active medium in electrodischarge and electroionization lasers. 1In this
case, individual sections of the working medium are excited in sequence,
varying the delay time and the energy contribution when exciting the
individual sections, which makes it possible to obtain almost any given
radiation pulse shape. The total radiation pulse length in such a system
may be increased to ty=2 N1, where “T. ~- length of pulse
generated by the individual section and N = number of sections.

Fig. 1 shows schematically a laser consisting of N sections with total
length L, placed in a common resonator with coefficients.r; and rp of the
mirrors. Let in any moment of time one section be excited, for example 3,
while the preceding ones (1, 2) were used up and represent an absorbing
medium, The absorption is related to the higher gas temperature,
determined by the value of the energy contribution. To determine the maxi-
mum radiation pulse length at a given length of the active medium and a
certain method for its excitation, we will write the condition for
quasistaticnary oscillation:"
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Rly = gyby | gyl M

where g == given in the amplification region; = dy(rie)(2L) ==
loss coefficient in resonator mirror; 1, and 15 == lengths of amplifying
and absorbing regions respectively, Designating by 1; the length of the
i~th section, we obtain the relationship which determines its minimum
length:

=t ' S
I =(m+gn > h.) / g _ @

LY

As an example, we will consider a multisectional laser with an nonindependent
excited discharge controlled by a 10ms electron beam. In this case, a gain
of about 3 x 10~2cm [8] can be maintained in the active medium. Let the
lengths of the individual sections be equal, then at the moment of radiation
oscillation of the last section, when the absorbing section has a maximum
length, relationship (1) acquires the form:

8ly==gy(L—1,) -}- &l,

from where it follows that

Iyl L==(g, 'i'on"(E'l’gll)- @)

We will use the following parameter values for estimating purposes; I, = 300cm,
ry, ry = 0.5, temperature of absorbing medium T = 470K which corresponds to
an energy contribution of 0.2 joules/em3 to mixture C0y: N, = 1,2 at

B atmospheric pressure. By determining the equilibruim popugation in the
lower laser level, we obtain for the absorption coefficient at given levels
8qn = 2.5x 1073 em~l and for resonator losses 8o = 1.2 x 1073 cp1, gy
substituting these values into (3), we obtain Ly/L=1/9, {.e., N = 9. This
means that the length of the radiation pulse for the sequential excitation
of sections may exceed by nine times the radiation pulse length, generated
by an individual section, i.e,, may be 90 microseconds under conditions of
our example. If r1esonator losses are reduced by increasing the reflection
coefficient of mirrors, it is possible to increase the number of sections:
in our example at ry rp = 0.8, N = 11,
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Naturally, the cited estimates give the lower limit for N and te .

If expression (2) is used for determining the lengths of the following
sections, then for 1; = 30cm, we obtain ¥y ry = 0,5, N = 14 and for r) ry =
0.8, N = 20 (Fig. 2), which corresponds to pulse lengths of 140 and 200
microsec respectively.

The obtained results show that lengths of radiation pulses in the order
of 100 microsec may also be obtained with considerably shorter pumping of
individual saections, which is characteristic for an independent discharge
and this is not related to a considerable increase in the total length

L (Fig. 2),

Fig. 2. Relationships between the length of individual section and its
ordinal number for r; r9 = 0.5 (1) and 0.8 (2) at L = 300 (solid lines)
and 400cm (broken lines).

Numerical modeling of nonstationary kinetic processes in a CO, laser [9]
makes it possible to calculate the shape of the radiation pulse of a multi-
- sectional laser with an electrodischarge excitation. The calculation was
made for threa sections 40, 30 and 30cm long for an energy contribution of
0.21 joules/cm” and a mixture of COp; Ny: He = 1: 2: 3 at atmospheric pressure.
The results of calculations shown in Fig. 3 indicate that in oscillating
radiations by all sections except the first, there may be no high~power
peaks and the amplitudes of the output radiation is found to be fairly
smooth. By a gradual increase of pumping power of individual sections, it
is possible to obtain radiation with increasing power Fig. 3b), i.e., in
principle it is possible to form radiation pulses of any giver shape.
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Fig. 3. Relationships between pumping power (a), radiation (b) and time,
calculated for mixture Cy: Ny: He = 1: 2: 3 for p = latm and average unit
energy contributions 0,2 (broken lines and 0.3 joules/cm3 (solid lines).

1. kw/cm3 2. microseconds

For experimental implementation of multisectional excitation, it is
necessary to determine the optimal values of the composition and pressure
of the gas pressure, as well as the enexgy contribution that produces

the longest individual radiation pulse with high unit energy. These
experiments were performed on an electrodischarge laser with a 3 x 4 x T4cm
volume of the active medium [10] .

W, mnefen’ gl) (2)

FUU DU T WHNE WO SRS VRS N S0 ¥
0 067 0% 05 08 1TG)[u)

PP
0 G2 0% 9F 0F {0 pamm 3)

Fig. 4. Relationships between the length (1) and energy (2) of radiationm,
and composition (a) and pressure (b) when one section is operating.

l. m joules/cm3 3. atmospheres
2. microseconds
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Fig. 5. Oscillograms of radiation pulses obtained at energy contributions
of 0.25 joules/cm3 to the first sections and 0,12 joules/cm3 to the second
sections; delays between connections of sections and the radiation energies
are respectively 0 microsec and 1ll.4 m joules/em3 (a); 1.5 and 11.0 (b);
2.0 and 9.7 (¢); 2.5 and 2,9 (d).

1. microseconds

For the experimental implementation of multisectional excitatiom, it is
necessary to determine the optimal values of the composition and the pressure
of the gas mixture, as well as the energy contribution that produces the
longest individual radiation pulse with high unit energy. These experiments
were performed on an electrodischarge laser with a 3 x 4 x 74cm volume

of active medium [10] .

Fig. 4a shows the relationships between the length and energy of the radia-
tion pulse depending upon the composition of the COp - N; - He mixture at
atmospheric pressure and an 0.2 joules/cm3 energy contribution typical for
a COp laser with an electrodischarge system v radiation. An increase in
the pulse length with an increase in the nitrogen concentration in the
mixture is due to the greater time of inversion existence caused by the
long time needed for transfering the energy from Ny to CO,.

At the same time, the gain drops due to a:reduction in the concentration
of CO, molecules [9] , nearing the loss coefficient in the resonator, as

a result of which the radiation energy is reduced. For the utilized
"'resonater (gold mirror and germanium plate) the optimal mixture composition
COp: Np: He = 1: 4: 5.

The effect of pressureion the characteristics of the radiation pulse is
shown in Fig. 4b. The cited data was obtained for mixture COz: Nj: He =

1: 4: 5 for a fixed unit energy contribution W/p = 0.2 joules/(cm3 atm).
184
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Sectionalized excitation experiments were performed on an electrodischarge
laser consisting of two sections with volumes of active medium 3 x 4 x 34
and 3 x 4 x 40cm, The sections were excited by two Marx oscillators with
"shock” 0,016 an¢- 0.02 microfarad capacitors for a charging voltage of
each stage of about 50kv. The delay between the section starts was
produced by means of G5-15 and GI-10 oscillators and an electronic delay
circuit with an operating accuracy no worse than 100ns.

Fig. 5 shows oscillograms of radiation pulses obtained for various delays.
It may be seen that with a longer delay, the length of the radiation pulse
increases from two to five microseconds for an insignificant reduction in
radiation energy (oscillograms a-c). A further increase in the delay
leads to independent operation of the sections, as a consequence of which
the radiation energy reduces sharply, This is explained by the fact that
the energy contributfon to the second section is chosen in ruch a way that
the gain during its operation is only slightly higher than the loss
coefficient in the resonator. It is precisely under such conditions that
it is possible to obtain a smooth radiation pulse in the operation of a
multisectional laser (Fig. 5a). However, these conditions are not
beneficial for the independent oscillation of the radiation of the second
section, therefore, the total radiation energy for the independent operation

s of sections decreases noticeably, It is clear that an increase of energy
contribution to the second section will lead to a jump in radiation power
at the moment it is connected in (Fig. 3b). Thus, by regulating the energy
contribution and the delay length in connecting individual sections, we
have the possibility of obtaining any required signal shape (rectangular,
incremental, etc.). We will note that by sectionalizing the electrode
system, it is possible not only in the longitudinal direction (along the
resonator axis), but also transversly, which opens up possibilities for
increasing further the length of the laser radiation pulses,

In conclusion, the authors express their gratitude to Yu. Bychkov for useful
discussions of the described results.

BIBLIOGRAPHY

1. Andreyev, S. I.; Verzhikovskiy, I. V,; Dymshits, Yu, I. ZhTF, 40,
1436 (1970).

2, Girard, A, Optics Comms, 11, 346 (1974).
3. Girard, A.; Beaulieu, A, J. IEEE J. QE10, 521 (1974).

4. Velikhov, Ye. P.; Zemtsov, Yu. K.; Kovalev, A, S.; Persiyantsev, I. G.;
Pis'mennyy, V. D.; Rakhimov, A, G. '"Letters to ZhETF," 19, 364 (1976).

5. Basov, N. G.; Belanov, E. M.; Danilyvich, V. A, et al. ‘Letters to
ZhETF," 14, 421 (1971).

185
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000100050032-0

6.
7

9.

10,

FOR OFFICIAL USE ONLY

Bychkov, Yu. I.; Osipov, V. V.; Savin, V. V. ZQWIF, 46, 1444 (1976).
Savic, P.; Keker, M. M. Canad. J. Phys., 55, 325 (1977).
Leland, V. T. KVANTOVAYA ELEKTRONIKA, 3, 855 (1976).

Bychkov, Yu., I.; Kudryashov, V. P,; Osipov, V. V.; Savin V. V.
KVAN'TOVAYA ELEKTRONIKA, 3, 1558 (1976).

Bychkov, Yu. I.; Kudryashov, V. P.; Osipov, V. V. KVANTOVAYA ELEKTRONIKA,
1, 1256 (1974). ‘

COPYRIGHT: Izdatel'stvo "Sovetskoye radio", "Kvantovaya elektronika",
1979 :

2291
€s0: 8144 /1033 END

186
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000100050032-0

| &2
.



